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ABSTRACT 
 
 
Accurate regulation of internal body temperature is required in order to survive 
and maintain optimal function. The natural ageing process is associated with a 
progressive deterioration of the structure and function of the cardiovascular 
and nervous system, which reduces an individual’s ability to thermoregulate. 
As a result, older individuals are more susceptible to heat and cold related 
illnesses and injury compared to their younger counterparts. Within the 
currently available literature there is a large body of research assessing the 
influence of ageing on several thermoregulatory responses. However, these 
studies typically focus on a single body region or a small number of regions; 
hence a comprehensive overview of age-related changes in these responses 
is currently lacking. Therefore, the aim of this research was to adopt a body 
mapping approach to assess the regional and age-related differences in 
thermal sensitivity, sweating and skin temperature in both young and older 
individuals. 
 
Within this thesis, the current available literature on thermoregulation and 
ageing is first introduced in Chapter 1 and critically reviewed in Chapter 2. 
This is then followed by the five laboratory studies which are presented 
individually in Chapter’s 3 to 7 (overview presented in table below). Each 
chapter has its own detailed methodology section and due to the variety of 
different techniques and procedures used in each study, this thesis does not 
include a ‘general methods’ chapter. 
 
The first experimental study (Chapter 3) is a methodological based study 
focusing on two different techniques in thermal sensitivity testing. The study 
was conducted on young male participants using an independent group 
design to investigate differences in thermal sensitivity when applying a fixed 
temperature stimulus (typical magnitude estimation) compared to a stimulus 
temperature relative to the initial skin temperature of each body region. This 
was assessed at 33 regions over the body for both warm (40°C for fixed and 
skin temperature +7°C for relative) and cold (20°C for fixed and skin 
temperature -10°C for relative) stimuli at rest in a thermoneutral environment 
(25°C). Body maps were produced to display the regional thermal sensitivity 
data for the fixed and relative group. The results showed that regional 
variation in thermal sensitivity still exists and is of similar magnitude when 
applying a stimulus relative to skin temperature compared to a fixed 
temperature stimulus. However, there were some regional differences 
between the stimulus types but only at a very small number of body regions. It 
may be concluded that initial regional differences (natural variation) in skin 
temperature over the body do not seem to largely influence thermal sensitivity 
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when using the magnitude estimation method. It could therefore be proposed 
that using either method for thermal sensitivity testing would be appropriate to 
assess regional differences. However, for ease and time efficiency, the fixed 
stimulus method may be preferred, especially when assessing a large number 
of body regions. 
 
In light of the findings from the first study, the following thermal sensitivity 
study utilised a fixed stimulus, magnitude estimation method. The aim of this 
study (Chapter 4) was to assess the regional and age-related differences in 
warm and cold sensitivity at 33 body regions in young and older individuals. A 
series of body maps were created and it was observed that there were no 
overall differences in thermal sensitivity (transient or steady state responses) 
to warm and cold between the age groups studied. However, consistent age-
related differences were observed at the foot region with older individuals 
reporting significantly lower sensitivity ratings for the top and sole of the foot. 
Furthermore, inter-individual variation in sensation magnitude scores were 
greater in the younger group at numerous body regions, suggesting that this 
may decline with age. Together these findings may infer that older individuals 
are at greater risk of developing heat and cold induced injuries, particularly at 
the foot region.  
 
The majority of thermal sensitivity research is conducted in thermoneutral 
conditions whereby individuals are within their safety and comfort limits. It is 
currently not known to what extent exposure to different environmental 
conditions has on our ability to sense temperature change. Therefore, building 
on the findings from the first two sensitivity studies, the third study (Chapter 5) 
aimed to investigate the influence of whole body cooling (ambient air 
temperature of 12°C) on local thermal sensitivity to warm (40°C) and cold 
(20°C) stimuli. The findings of this study demonstrate that local cold sensitivity 
is blunted during whole body cooling, but warm sensitivity is maintained in 
both young and older individuals. Alongside the attenuation in cold sensitivity, 
a diminished ability to preserve internal body temperature puts older 
individuals at an increased risk of cold induced illness and injury during 
exposure to cold environmental conditions. Furthermore, an age-related 
decline in sensitivity was observed as the older group had significantly lower 
ratings to a warm stimulus in both neutral and cold environmental conditions, 
which differs from the findings of Chapter 4.  
 
Moving away from subjective and behavioural thermoregulatory responses 
and focusing on autonomic responses, the next phase of research presented 
in this thesis aimed to investigate age-related differences in sweat distribution. 
The fourth study (Chapter 6) utilised a technical absorbent method to map 
sweat rates at 46 body regions in both young and older individuals during rest 
and exercise in a hot environment (32°C). This is the first study to produce 
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detailed sweat maps for an older population group and showed that older 
individuals have a lower sweat rate compared to younger individuals at almost 
all body regions at rest and at the hands, legs and feet during exercise. It was 
also observed that older individuals had a greater increase in core 
temperature but felt cooler and more comfortable when compared to younger 
individuals working at the same fixed heat production. The findings of this 
study highlight the age-related deterioration in both autonomic and 
behavioural responses in the heat which may consequently impact health and 
wellbeing of older individuals, particularly when exposed to heat stress for 
longer durations (>1 h) than in the present study.  
 
The final study as part of this thesis (Chapter 7) aimed to create the first whole 
body skin temperature maps of young and older individuals during exposure to 
varying environmental temperatures. Individuals rested in a thermoneutral 
(25°C), hot (32°C) and cold (12°C) environment for 25 min and an infrared 
image was taken before and after exposure along with several other 
physiological and subjective measures. It was shown that although both age 
groups had a similar overall mean skin temperature, age-related regional 
differences were observed over the body. Older individuals had significantly 
lower skin temperatures at the anterior and posterior torso in the NEUT and 
COLD condition and higher skin temperature at the legs in the HOT condition, 
when compared to their younger counterparts. It was also observed that the 
older group had a greater change in core temperature in both HOT and COLD 
conditions compared to the young group, despite no reflection of this in their 
ratings or thermal sensation and comfort. 
 
In summary, this thesis presents the first series of detailed body maps in an 
older population group depicting thermal sensitivity, sweating and skin 
temperature responses during a variety of different environmental exposures. 
The findings from this body of research have several applications in design, 
healthcare and medicine and thermal modelling. 
 
Keywords: thermoregulation; ageing; sweating; thermal sensitivity; skin 
temperature; body mapping; regional; young; older 
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CHAPTER 1: General Introduction 
 
 
1.1. Introduction 
Accurate regulation of internal body temperature is vital for optimal function 
and human survival. The autonomous thermoregulatory responses that occur 
subconsciously enable the regulation of body temperature within a narrow 
range, through a variety of mechanisms (Nakamura & Morrison, 2007). In hot 
conditions, the body aims to lose heat via an increase in skin blood flow 
(SkBF) and sweat secretion. Whereas in the cold, a decrease in SkBF and an 
onset of shivering prevents heat loss and increases metabolic heat 
production, respectively. Alongside autonomous responses, behavioural 
thermoregulation has a vital role in homeostasis. The ability to sense 
temperature changes in the surrounding environment and adapt accordingly, 
reduces the need for autonomous responses. Behavioural adjustments allow 
humans to survive in a wider range of environmental temperatures and may 
be as simple as regulating the temperature of a room, adding/removing 
clothing or moving to the shade on a hot, sunny day (Parsons, 2014). 
Disturbance to optimal thermoregulatory function may lead to an increased 
risk of hypothermia, hyperthermia and in extreme cases, mortality. 
 
Ageing is associated with a progressive deterioration of the structure and 
function of the cardiovascular and nervous system. The natural deterioration 
of these systems reduces an individual’s ability to thermoregulate as the 
maintenance of internal temperature involves almost all systems in the body 
(Blatteis, 2012; Shibasaki et al., 2013). As a result, older individuals are more 
susceptible to heat and cold related illnesses and injury than their younger 
counterparts, regardless of health status (Van Someren, 2006). It is suggested 
that the age-related declines in thermal sensation, vasomotor control, sweat 
gland output and a reduction in muscle mass collectively impair the ability to 
maintain a stable internal body temperature (Kenney & Munce, 2003). 
However, due to a number of inconsistencies within the literature, including 
varied age ranges, methodologies and lack of control measures, it is difficult to 
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distinguish between true age-related changes in thermoregulation and other 
influencing factors. 
 
The majority of research assessing the effects of advancing age on 
autonomous and behavioural thermoregulatory responses has typically 
focused on a single body region or a small number of regions. Since several 
studies have observed large regional differences in thermal sensitivity and 
sweating in young (Ouzzahra et al., 2012; Smith & Havenith, 2012; Gerrett et 
al., 2014) and older individuals (Stevens & Choo, 1998; Inoue et al., 1991; 
Tochihara et al., 2011; Smith et al., 2013), the inferences made from 
single/few sites may not be accurate. Recent research has adopted a body 
mapping approach to assess regional variation in thermal sensitivity 
(Ouzzahra et al., 2012; Gerrett et al., 2014), sweating (Havenith et al., 2008; 
Smith & Havenith, 2011, 2012) and skin temperature (Tsk) (Fournet et al., 
2013), providing extensive and detailed information over the entire body 
surface. This approach provides a visual representation of the findings 
whereby comparisons between different populations, conditions or time points 
can be made accessible and applicable to different target groups. However, 
this research is currently limited to young, healthy individuals and thus cannot 
be used to predict the thermoregulatory responses of the aged population. 
 
1.2. Aims 
The overall purpose of this research is to provide further, more detailed 
information on the age-related differences in specific peripheral 
thermoregulatory responses that occur during exposure to a variety of thermal 
stimuli. Specifically, the aims of the research are: 
 
1. To investigate regional and individual differences in thermal sensitivity, 
sweating, and Tsk during exposure to differing thermal stimuli, using a body 
mapping approach. 
2. To investigate the age-related differences in thermal sensitivity, sweating 
and Tsk and produce the first whole body maps depicting these 
thermoregulatory response in healthy young and older individuals. 
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1.3. Rationale 
The occurrence of heat waves and extreme cold weather is becoming more 
prevalent around the world (Koppe et al., 2004; Kenney et al., 2014). Such 
extreme environmental conditions lead to increases in heat and cold-induced 
illnesses and excess deaths, particularly in older individuals (Blatteis, 2012). 
In the 2003 European heat wave it was estimated that approximately 70,000 
people died, with excess deaths increasing with advancing age (Fouillet et al., 
2006; Robine et al., 2008). Specifically, mortality rates in individuals over 75 
years old were 1.7 times higher than usual, whereas no change was noted in 
those aged below 35 years (Shibasaki et al., 2013). This highlights the 
severity of impaired thermoregulatory control in the older population and the 
need for further understanding in this area. Moreover, the world is rapidly 
ageing which consequently increases the number of people at risk of mortality 
during extreme weather events (Kenney et al., 2014). It is estimated that by 
2050 there will be a higher number of individuals over the age of 60 yrs old 
than those under 15 yrs old, for the first time in history (United Nations, 2002). 
Furthermore, with working age increasing, a larger part of the workforce is 
older, with associated risk increasing during work exposures. Therefore, this 
research aims to target those in the most ‘at risk’ population group. 
 
This research will provide valuable information in the field of thermoregulation 
and ageing with the creation of whole body maps for thermal sensitivity, 
sweating and Tsk in older individuals. Increasing the knowledge relating to 
autonomic and behavioural responses, in older individuals during heat waves 
and cold weather events, is important for public health guidance and 
awareness and may subsequently promote the need for changes in current 
safety guidelines (Parsons, 2008). The findings from this research may also 
be useful in the design of sport and protective clothing, thermal 
manikins/modelling and climate control within buildings and vehicles. As there 
may be large differences in the responses of younger and older individuals, 
this information would allow designs to be tailored to suit individual 
requirements. 
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CHAPTER 2: Literature Review 
 
 
2.1. Heat Balance 
Humans are homoeothermic beings and thus regulate internal body 
temperature within a narrow range around 37°C in order to maintain optimal 
cellular and molecular functions (Nakamura & Morrison, 2007). Heat is 
constantly generated in all cells of the body as mechanical or thermal energy 
from metabolic activity (Cheung, 2010). Maintaining a ‘thermal balance’ 
between heat production and heat loss is vital for health, performance and 
survival and is dependent upon several personal (metabolic heat and clothing) 
and environmental (humidity, air movement, air temperature and radiant 
temperature) factors. The dynamic equilibrium is simply explained by the 
conceptual heat balance equation which comprises heat generation, heat 
transfer and heat storage (Parsons, 2003): 
 
𝑴 − 𝑾 = 𝑬 + 𝑹 + 𝑪 + 𝑲 + 𝑺 
 
Where: 
M = metabolic rate (W.m-2) 
W = mechanical work (W.m-2) 
E = evaporation (W.m-2) 
R = radiation (W.m-2) 
C = convection (W.m-2) 
K = conduction (W.m-2) 
S = heat storage (W.m-2) 
 
To achieve a state of heat balance whereby body temperature is constant, the 
rate of heat storage must be zero (S = 0). The first part of the equation (M – 
W) represents heat generation whereby the metabolic rate of the body 
provides energy to perform mechanical work with the remaining energy 
released as heat (Parsons, 2014). A net heat gain will increase the core 
temperature (Tcore) of the body as a result of positive heat storage and vice-
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versa for net heat loss, resulting in a decrease in Tcore. The latter part of the 
equation represents the mechanisms that facilitate the achievement of heat 
balance, namely conduction, convection, radiation and evaporation. Figure 2.1 
depicts the pathways for body heat loss which are also described below 
(Havenith, 1999).  
 
 
Figure 2.1. Diagrammatic representation of the heat loss 
pathways (M = metabolic heat production) (Havenith, 1999).  
 
 
Heat loss via conduction has only a minor role in the heat loss process and 
involves the direct transfer of heat through contact. Convection, however, 
serves as a significant pathway for heat loss, whereby the movement of air or 
fluid (usually cooler than the skin) across the skin’s surface results in heat 
exchange as heat is transferred from the skin to the cooler surrounding air 
(Havenith, 1999). Furthermore, if there is a temperature difference between 
the body’s surface and the surrounding surfaces in the environment, heat will 
be exchanged via radiation.  
 
The most effective method of heat loss is via evaporation of sweat from the 
surface of the skin (Kuno, 1956). Evaporation of sweat occurs when the heat 
from the skin is sufficient to change water into vapour, which subsequently 
dissipates large amounts of heat from the body and cools the skin (Havenith, 
1999). The sweat evaporation process requires 2430 joules for every 1 g of 
sweat (Gibson & Charmchi, 1997). The level of evaporation is variable 
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between and within individuals, however a constant means of evaporation 
throughout the day is that from ‘insensible perspiration’ whereby moisture 
diffuses through the skin and the alveolar surfaces of the lungs (Kuno, 1956). 
 
Heat storage is dependent upon the thermal factors and heat loss 
mechanisms described above. A heat storage value of zero suggests that the 
body is in a state of thermal equilibrium. However, if heat gain surpasses the 
sum of all heat losses then body heat storage will be positive, whereas, if heat 
storage is negative then more heat is lost than produced. It should also be 
noted that the ‘heat loss’ mechanisms explained previously, may actually 
cause heat gain in some special circumstances (i.e. when environmental 
temperature is higher than Tsk) (Havenith, 1999).  
 
2.2. Heat Exchange Parameters  
The capacity of the body to maintain a thermal balance between heat loss and 
heat gain is dependent upon several external parameters, including air 
temperature, radiant temperature, air velocity and humidity (Parsons, 2014). 
The temperature of the surrounding air largely influences heat loss 
mechanisms as the higher the environmental temperature, the less effective 
convective, conductive and radiative heat loss becomes. Furthermore, as 
mentioned previously, if environmental temperature increases above Tsk then 
convective heat is actually gained from the environment, which will offset the 
‘thermal balance’ (Havenith, 1999). Heat loss via evaporation then becomes 
vital as the high environmental temperature increases body temperature which 
subsequently increases sweat rate (Kuno, 1956). In addition to the influence 
of air temperature, radiant temperature also has an effect on the temperature 
of the body as radiant heat is exchanged between the environment and the 
skin (Parsons, 2014). 
 
The amount of air movement across the body can affect both convective and 
evaporative heat losses and will vary in time, space and direction (Parsons, 
2014). Heat exchange increases with increasing air velocity for both avenues 
and therefore in a cool environment the body will cool faster in the presence of 
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wind and in an extremely hot/humid environment it will heat up faster 
(Havenith, 1999). 
 
Humidity of the air also influences evaporative heat loss, as the driving force 
for sweat evaporation is the gradient between the vapour pressure at the skin 
surface and the environment. As this gradient decreases, the evaporative 
potential is reduced and thus the heat loss mechanisms become ineffective 
(Parsons, 2014). During exercise in hot-dry (>30°C and <40% RH) 
environments, 85-90% of heat loss is achieved via evaporation of sweat 
(Armstrong, 2000). However, hot-humid (>30°C and >50% RH) environments 
challenge the thermoregulatory system due to the restriction of evaporative 
heat loss to cool the body. It should be noted that it is the moisture content of 
air, not the relative humidity that governs evaporation of sweat. The higher the 
air temperature, the higher the amount of water that can be held in the air at 
equal relative humidities (Havenith, 1999). 
 
Along with the external parameters, two personal parameters also play a role 
in the capacity of the body to retain or lose heat, namely clothing and 
metabolic heat production. The body’s ability to thermoregulate is strongly 
dependent upon the combined and independent influence of these six factors 
which effect both autonomic and behavioural responses (Parsons, 2014). 
 
2.3. Autonomic Thermoregulation 
Thermoregulation is a complex mechanistic process primarily governed by the 
body’s central thermal controller, known as the preoptic hypothalamus 
(Parsons, 2014). Warm and cold thermosensitive neurons located in the 
preoptic hypothalamus and thermoreceptors in the core and periphery sense 
temperature changes and provide information on the body’s thermal state 
(Romanovsky, 2007; Wendt et al., 2007). The hypothalamus subsequently 
compares and integrates this information from the core and the periphery and 
is then able to initiate an appropriate response for any given temperature 
(Boulant, 2000). If internal body temperature deviates from the so called ‘set 
point’ of ~37°C (± 0.5-1°C due to circadian rhythm), the hypothalamus 
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responds by sending signals in order to regulate this temperature, whether 
that be to increase heat production or heat loss (Wendt et al., 2007). The body 
responds to these signals autonomously by altering its heat production and 
heat exchange to the environment (Nakamura, 2011). 
 
When Tcore drops to undesirable levels due to low environmental temperature, 
the preoptic-posterior hypothalamus (heat gain centre) is stimulated and the 
preoptic-anterior (heat loss centre) is inhibited (Parsons, 2014). The preoptic-
posterior hypothalamus triggers the blood vessels in the periphery to constrict 
and blood is directed towards the core to minimise heat loss from the body via 
convection, conduction and radiation. Alongside vasomotor adjustments, 
piloerection and shivering also occur in an attempt to further reduce heat loss 
and produce heat, respectively. Piloerection, informally known as ‘goose 
bumps’ is a mechanism that causes body hair to stand on end via tiny muscle 
contractions when the skin is cold (Tansey & Johnson, 2015). This maintains 
a layer of still air between the body and the environment and thus reduces 
heat loss, albeit only by a small amount (Parsons, 2014). Shivering, however, 
has a larger contribution in cold environments and its onset is affected by both 
Tcore and Tsk. Shivering increases metabolic heat production via voluntary and 
involuntary muscle contractions, which can vary from mild to violent and can 
increase heat production by up to five times that of a non-shivering resting 
state (Parsons, 2014). The heat produced through shivering can be quickly 
lost to the environment; hence the importance of vasoconstriction and 
piloerection to aid heat preservation. Moreover, activation of non-shivering 
thermogenesis in brown adipose tissue also contributes to heat production 
when Tcore falls (Nakamura, 2011). This metabolic process is controlled by the 
sympathetic nervous supply to the tissue which grows or diminishes in 
response to the degree of stimulation from cold exposure (Himms-Hagen, 
1984).  
 
Conversely, if the body’s Tcore begins to increase, heat loss mechanisms are 
activated and the preoptic-anterior hypothalamus signals for vasodilation to 
occur, dilating the blood vessels and redirecting SkBF towards the periphery 
and away from the core and vital organs. This enables heat loss via 
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convection, conduction and radiation as heat from the skin is dissipated. If 
heat loss requirements surpass the capacity of vasomotor changes then the 
sweat glands are stimulated to initiate the production of sweat, in an attempt 
to lose heat via evaporation. As previously mentioned, evaporation of sweat is 
the predominant avenue of heat loss in hot environments and during exercise 
as sweat is secreted all over the body and as it evaporates, it cools the skin 
below (Parsons, 2014). Sweating and SkBF have been shown to increase 
proportionally to a rise in Tcore until a thermal balance in achieved. 
 
2.3.1. Core and Skin Temperature 
The human body can be considered in two parts as it has both a core (inner) 
and a shell (outer) and thus the term body temperature generally refers to the 
temperature of both the core and skin (Parsons, 2014). Tcore is considered to 
be the temperature of the deep tissues and vital organs within the body 
including the trunk and brain, and shell temperature is identified as the 
temperature of the outer, more superficial tissues (Tansey & Johnson, 2015). 
The temperature of the core is maintained by the thermoregulatory system at 
a relatively narrow range of between 36-39°C to preserve normal body 
functioning. However, Tsk shows a much wider temperature variation without 
function impairment and fluctuates due to changes in internal and 
environmental temperature (Parsons, 2014). Previous research suggests that 
Tsk variation over the body surface is larger in cold environments and more 
uniform in hot environments (Werner & Reents, 1980). The extremities tend to 
be the coldest areas of the body with the torso and head being the warmest, 
which is indicative of a protective mechanism (Werner & Reents, 1980; 
Fournet et al., 2013; Werner, 2014).  
 
Several methods and measurement sites are used to estimate both Tcore and 
Tsk (Werner, 2014). Tcore is typically measured at a single site of the body, 
although there is debate as to which method and site provides the most 
accurate measurement, as regional temperature variation exists within the 
‘core’ (Taylor et al., 2014). Brain temperature, specifically hypothalamic 
temperature, would be the ideal measurement site as it is highly sensitive to 
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temperature changes and is suggested to be at least 0.2°C higher than that of 
the rest of the core (Nybo et al., 2002). However, it is impossible to measure 
this directly in humans and thus other, more practical sites are frequently used 
as a surrogate. For example, non-invasive measures include tympanic, 
sublingual and axilla temperature and are often used in a clinical setting. 
Whereas, more invasive techniques are used in a laboratory research setting, 
most commonly rectal, oesophageal and gastrointestinal temperature 
(Parsons, 2014). Although considered more accurate, the latter techniques 
(especially rectal and oesophageal) may leave the individual uncomfortable 
due to the invasive nature of the measurements (Bogerd et al., 2018).  
 
Although not a new technique, the use of radio pills or capsules to measure 
gastrointestinal temperature in both clinical and research settings has become 
increasingly popular. Despite the associated cost involved with using this 
technique, it is often preferred by participants as it is less intrusive and more 
comfortable as once swallowed the participant is unaware of its presence 
(Byrne & Lim, 2007). Furthermore, in support of the use of this method, a 
recent study confirmed thermal homogeneity of the gastrointestinal tract and 
good reliability when using ingestible telemetric pills swallowed several hours 
prior to testing (Beaufils et al., 2018). Another study has shown fast response 
times when using ingestible telemetric pills in comparison to rectal probes, 
particularly during post-exercise recovery (Bogerd et al., 2018), however a 
potential limitation is the previously observed underestimation of Tcore (Travers 
et al., 2016; Bogerd et al., 2018; Bongers et al., 2018). It is advised to 
calibrate the telemetric pills prior to use and to also monitor fluid intake during 
testing periods as this may influence Tcore measurements, particularly if the 
fluid is cold (Beaufils et al., 2018). 
 
Conversely, unlike Tcore, Tsk is typically measured as a mean of several body 
sites using a weighting system for each value (Ramanathan, 1964; Parsons, 
2014). There are numerous methods used to measure Tsk, most of which 
require skin contact with temperature sensors such as thermocouples, 
thermistors and iButtons. Despite the common use of these measurement 
tools in research, there are several limitations and issues associated with their 
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use and there is currently no ‘gold standard’ measurement technique (Macrae 
et al., 2018). Longer response times and the skin contact/attachment method 
can cause variability and may influence the measurement. Moreover, contact 
sensors are limited to specific sites on the body and thus a whole ‘body map’ 
of Tsk cannot be obtained.  
 
Non-contact measurement techniques eliminate some of these issues as Tsk 
can be measured using infrared radiation, which enables temperature 
measurements without the need for skin contact (Fournet et al., 2013). 
Radiation can be measured at a distance using heat-scanning devices and is 
called infrared thermography with the outcome being a ‘thermogram’ (Ring & 
Ammer, 2012). However, there are also limitations with this technique as it is 
impossible to measure Tsk under clothing and numerous continuous measures 
are impractical due to the need for a still image and the time consuming 
nature of the analysis. Furthermore, previous research has suggested the use 
of infrared cameras to assess Tsk in response to environmental or metabolic 
heat may not be appropriate due to the poor correlation with contact measures 
(Bach et al., 2015a, 2015b). Despite these drawbacks, the high spatial 
sensitivity of infrared cameras means they are suitable for mapping large body 
surface areas, which is ideal for the measurement of whole body Tsk (Fournet 
et al., 2013; Moreira et al., 2017a). The body mapping technique is currently 
impossible with the use of contact measurements.  
 
2.3.2. Human Skin Structure  
The skin is the human body’s largest organ and is considered to be both a 
protective and sensory organ. Covering the entire surface of the body, the skin 
acts as a barrier between external environments and the body’s internal 
environment, protecting it from harm and receiving sensory information about 
its surroundings (Schepers & Ringkamp, 2010). The structure of the skin 
supports the mechanisms involved in autonomic thermoregulation (vasomotor 
and sudomotor responses) (Arens & Zhang, 2006). Although skin properties 
vary across different areas of the body, over time and between individuals, 
human skin has a common structure and function (Parsons, 2014). 
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From an external perspective, the skin is characterised by differing surface 
qualities such as hairs, grooves and pores and is often described as either 
glabrous (hairless) or non-glabrous (hairy) skin. Internally, the skin is made up 
of two main layers; the epidermis (outer layer) and the dermis (inner layer) 
(see Figure 2.2) (Parsons, 2014). The epidermis consists of stratum corneum 
(a protective horny layer of dead cells), stratum granulosum (granular cell), 
stratum spinosum (spinous cell) and stratum basale (basal cells). The basal 
layer of stem cells continuously generate and eventually move to the surface 
of the skin where they die and are removed from the surface (Parsons, 2014). 
Below, the dermis is much thicker than the epidermis and contains vascular 
systems, sweat glands and thermoregulatory nerves at varying depths within 
this layer. Beneath the dermis lies a layer of subcutaneous fat, which varies in 
thickness amongst different individuals and serves to insulate the underlying 
musculature (Arens & Zhang, 2006). 
 
 
 
2.3.3. Skin Function 
The main function of the skin is protection, whereby it acts as a barrier to 
prevent fluid loss/entry to the body, chemical harm, bacterial infection and also 
minor trauma. Regulation of heat exchange and sensory perception are two 
further functions of the skin and are controlled via specific systems which are 
 
Figure 2.2. Diagrammatic representation of the structure of human skin 
(Parsons, 2014). 
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integrated within the dermis and epidermis. The dermis is also provided with 
blood vessels and mechanisms for the control of SkBF and the specific nerve 
receptors that are sensitive to touch, pressure, temperature and pain. The 
dynamic nature of the skin enables it to adapt to suit the requirements of the 
body and thus the areas that are vital for thermoregulation have a rich blood 
supply and are largely populated with sweat glands (Parsons, 2014). 
 
2.3.4. Skin Blood Flow 
Vasomotor adjustments and the control of skin blood flow (SkBF) are vital in 
the maintenance of a stable body temperature and homeostasis (Parsons, 
2014). Resting SkBF within thermoneutral conditions is suggested to be 
approximately 250 mL/min and requires minimal physiological exertion to 
maintain (Charkoudian, 2003). However, in response to warm and cold stimuli, 
cutaneous vasodilation and vasoconstriction are triggered via distinct 
sympathetic reflex and locally mediated pathways (Holowatz et al., 2010). 
Human cutaneous circulation is controlled via two types of sympathetic nerves 
which innervate all non-glabrous skin areas and are referred to as the 
sympathetic adrenergic vasoconstrictor nerves and the vasodilator nerves. 
However, glabrous skin, located at the palms, soles and lips, is innervated by 
sympathetic vasoconstrictor nerves only. 
 
Reflex and Local Vasoconstriction 
During whole body cooling (convective or conductive) cutaneous reflex 
vasoconstriction occurs when Tsk decreases below a thermoneutral level of 
~34°C. Vasoconstriction is a progressive response, whereby the intensity of 
the constriction is governed by the intensity of the cold stimulus until a 
‘basement’ plateau in SkBF occurs, after which no further constriction takes 
place (Holowatz et al., 2010). Sympathetic reflex vasoconstriction occurs 
subsequent to the release of norepinephrine which is stimulated via efferent 
nerve signals traveling to cutaneous sympathetic axon terminals (Holowatz et 
al., 2010). In addition to the release of norepinephrine, which interacts with 
postsynaptic α1 and α2 receptors on cutaneous arterioles, there is also 
evidence for the participation of sympathetic co-transmitter(s) in cutaneous 
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reflex vasoconstriction (Charkoudian, 2003). In vivo studies suggest roles for 
both neuropeptide Y and adenosine triphosphate as co-transmitters in 
perivascular nerve endings (Ekblad et al., 1984; Lundberg, 1996; Han et al., 
1998). 
 
Contrary to cutaneous reflex vasoconstriction, localised cooling of the skin 
triggers local constrictor mechanisms which are independent of sympathetic 
reflex activity and can decrease SkBF to essentially zero. During acute skin 
cooling (<10 min) vasoconstriction relies on norepinephrine acting on α2 
receptors, whereas during longer duration local cooling (>15 min), constriction 
is predominantly mediated by non-adrenergic, non-neuronal mechanisms. 
Localised cooling of the skin can also elicit a contradictory vasodilatory 
response (Lewis, 1930) if sensory or constrictor adrenergic pathways are 
blocked which therefore exposes cold-induced vasodilator mechanisms 
(Holowatz et al., 2010). This phenomenon is termed cold-induced vasodilation 
and is believed to decrease the risk of cold injuries (Daanen, 2003). 
 
Reflex and Local Vasodilation 
In response to whole body core and skin heating, the cardiovascular system 
has the capacity to increase SkBF as much as 6-8 L/min, through an increase 
cardiac output and blood flow redistribution (Rowell, 1974). Such large 
increases in SkBF allow substantial heat dissipation from the body to the 
environment during thermal stress. Cutaneous reflex vasodilation is 
proposedly mediated by the co-transmission of acetylcholine and potential 
unknown neurotransmitters from sympathetic cholinergic vasodilator nerves 
(Charkoudian, 2003; Holowatz et al., 2010). It appears that nitric oxide also 
plays a role in the full expression of active cutaneous vasodilation and is 
responsible for 30% of the vasodilatory response. This conclusion was derived 
from evidence that inhibition of nitric oxide synthase (using L-NAME) 
significantly attenuated the reflex increase in SkBF during whole body heating 
(Kellogg et al., 1998). 
 
Independent of reflex mechanisms, locally heating the skin to temperatures 
below the heat pain threshold (~45°C), produces a temperature stimulated 
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increase in SkBF. Local warming at a temperature of ~42°C causes maximal 
vasodilation of the vessels at that specific site and this process is biphasic in 
nature as illustrated in Figure 2.3 (displayed as cutaneous vascular 
conductance) (Charkoudian, 2003). There is an initial rapid phase whereby 
SkBF increases in the first 3-5 min of local warming, followed by a temporary 
nadir and then a secondary, slower phase vasodilation that reaches a plateau 
after ~25-30 min (Minson et al., 2001). The two phases are mediated by two 
independent mechanisms, whereby the initial rapid phase relies on 
temperature-induced activation of C-fibre afferents. Whereas during the 
secondary plateau phase of local heating, the role of nitric oxide accounts for 
~70% of the initiation and maintenance of vasodilation (Holowatz et al., 2010). 
 
 
Figure 2.3. Typical local cutaneous vasodilation (as CVC) response during 30 
min of warming (Charkoudian, 2003). 
 
 
2.3.5. Sweating 
Sweat Glands 
Evaporation of sweat is the predominant method of heat loss during exercise 
or exposure to warm environmental temperatures. Sweat is secreted from the 
sweat glands which are distributed all over the body to allow cooling by 
evaporation (Parsons, 2014). Although there is no standard figure due to 
individual variation, it is estimated that there are ~2-5 million sweat glands 
over the entire body surface (Kuno, 1956; Folk & Semken, 1991). Human 
sweat glands are classified into three types; apocrine, eccrine and apoeccrine 
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glands (Folk & Semken, 1991). Apocrine glands are located in limited regions 
over the body such as the forehead, axilla, hands, feet and pubic area and 
always exit the skin surface via hair follicles (Kuno, 1956). They are 
associated with psychological stress and produce smaller but more viscous 
amounts of sweat than eccrine glands and this type of sweat is responsible for 
the odour present within those regions (Sato et al., 1989). Eccrine glands are 
distributed over the general skin surface, largely populated on the forehead, a 
lesser amount on the trunk and least on the extremities (Kuno, 1956). 
Secretion of sweat is stimulated by an increase in Tcore and Tsk, which allows 
sweat to subsequently evaporate into the surrounding environment (Sato et 
al., 1989). The eccrine glands are tubular glands and are divided into the duct 
and secretory coil, where the duct connects the coil with the epidermis and 
opens on the skins surface (Kuno, 1956). Lastly, the apoeccrine glands are a 
hybrid of apocrine and eccrine glands and are only located in the axilla after 
puberty. They produce approximately ten times the amount of sweat as 
eccrine glands (Sato et al., 1989). 
 
Eccrine sweat glands start to develop at approximately three months of 
embryonic growth, beginning on the palms and soles and then over the entire 
body resembling those of adults by around eight months (Cui & Schlessinger, 
2015). Although the development of sweat glands is mostly complete by this 
time, these glands are not fully active until approximately two years after birth. 
There are considerable regional differences in sweat gland density and 
activation over the body and inter-individual differences with age and ethnicity 
make it impractical to develop a standard model of sweat gland distribution 
(Kuno, 1956). The large variation in distribution of sweat glands between 
children and adults may be explained by the growth rate of specific regions as 
the difference is much more pronounced in the extremities and less on the 
head where considerably less growth takes place. However, sweat gland 
sensitivity and output per gland must also be taken into account when 
considering sweat rate due to the presence of both active and inactive sweat 
glands (Folk & Semken, 1991). Inactive sweat glands were first recognised by 
Sato in 1934 and characterised as sweat glands present on the skin, which 
portray full morphological development but do not secrete sweat (Kuno, 1956). 
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Control of Sweating 
Eccrine sweat glands have a predominant thermoregulatory role and are 
stimulated on exposure to hot environments and during exercise when skin 
and Tcore increase. It is well documented that thermal sweating is controlled 
via complex mechanisms, which integrate inputs from the core and periphery 
in the preoptic hypothalamus (Kuno, 1956; Sato et al., 1989; Shibasaki & 
Crandall, 2010). Due to the difficulty of accurately identifying the neural 
pathways involved in the sweating process within humans, the exact 
mechanisms are unclear. Animal data suggests that efferent signals from the 
preoptic hypothalamus travel to the inter-mediolateral cell column of the spinal 
cord, before synapsing with neurones in the sympathetic ganglia (Kuno, 1956; 
Shibasaki et al., 2006). Sweat impulse signals continue along efferent 
cholinergic sympathetic neurons to eccrine sweat gland secretory cells. 
Eccrine sweat glands are primarily stimulated via the release of the 
neurotransmitter acetylcholine from cholinergic sudomotor nerves, which 
binds to muscarinic receptors located on the glands (Shibasaki et al., 2006). 
The binding of acetylcholine increases intracellular calcium concentration, 
resulting in an increase in the permeability of potassium and chloride 
channels, initiating isotonic precursor fluid release from the secretory cells 
(pre-secretory sweat gland activity) (Sato et al., 1989). This fluid subsequently 
travels up the duct towards the skin surface and the sodium and chloride are 
reabsorbed, resulting in sweat that is hypotonic relative to plasma. However, 
when sweat rate increases, higher ion loss occurs as reabsorption 
mechanisms become inundated with large quantities of sweat secretion into 
the duct (Shibasaki et al., 2006).  
 
A very recent study comparing different measurement techniques (galvanic 
skin conductance, stratum corneum hydration and regional surface sweat 
rate) enabled a more detailed indication of the order of sweat secretion 
(Gerrett et al., 2018). They found that only submaximal stratum corneum 
hydration was needed before surface sweating occurred and that full hydration 
occurred only when sweat was present on the skin’s surface. Furthermore, 
once sweating decreased, evidence for reabsorption of surface sweat was not 
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observed, suggesting that instead of diffusing back into the dermis, it is 
evaporated instead (Gerrett et al., 2018), contrary to previous hypotheses. 
 
Early research suggests that Tsk has a more important role in the control of 
sweating relative to Tcore, as it was shown that sweat rate and peripheral body 
temperature were closely correlated (Adolph, 1923). Although not directly 
assessing the effects of internal temperature, Kuno later theorised that central 
thermoregulation centres were of greater significance because of an observed 
delay in sweating response, despite increased Tsk. If Tsk was the primary 
controller, then sweating would commence immediately on exposure to heat 
stress (Kuno, 1956). Since then it has been acknowledged that internal 
temperature does indeed play a more significant role in the thermoregulatory 
drive for sweating with a suggested 9:1 ratio for the relative contributions of 
internal and Tsk respectively (McCook et al., 1965).  
 
Non-thermal factors such as exercise, hydration status and sleep also play a 
significant role in the sweating response (Mekjavic & Eiken, 2006). In 
particular sweat rate is greater during exercise compared to rest with rapid 
increases at the onset of exercise, which precede any changes in Tcore or Tsk. 
This rapid increase lasts approximately 1-2 min and is due to an increase in 
the activity of the sympathetic nervous system. Once the transient sweating 
bout stabilises, sweating rate is thereafter closely related to Tcore (Van 
Beaumont & Bullard, 1963).  
 
Regional Sweat Rates 
There are a large number of studies providing data on whole body (global) 
sweat rates in a variety of environments, exercise modes and populations, 
however there is limited research investigating regional sweat rates (Smith & 
Havenith, 2011). Regional distribution in sweat production exists due to 
variation in sweat gland distribution, number of active sweat glands and sweat 
output per gland. Furthermore, the regional sweating data that is available is 
largely incomparable between different studies due to the varying methods 
used to measure and induce sweat rates and the range of body locations 
targeted (Gerrett et al., 2018). Early research by Kuno (1956) qualitatively 
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measuring the sweat rate of multiple body sites found large individual variation 
in the sweating response but did observe a common pattern of high to low 
sweat regions. The forehead, neck and trunk showed highest sweat 
production whereas the lateral chest, extremities and axilla had the lowest. 
These data were collected from Japanese individuals and thus there may be 
variability between ethnicity. Despite this possibility, these early findings have 
been confirmed by a number of more recent studies (Cotter et al., 1995; 
Havenith et al., 2008; Machado-Moreira et al., 2008; Smith & Havenith, 2011) 
which have consistently demonstrated greatest sweat rates on the posterior 
torso and forehead and lowest at the extremities in Caucasian individuals.  
 
Regional Sweat Measurement Techniques  
There are several methods currently available for the measurement of both 
gross and regional sweat that is secreted from the human body (Gerrett et al., 
2018). Dating back to 1614, Sanctorius estimated perspiration by repeatedly 
weighing individuals on scales (Sanctorius, 1614 cited in Kuno, 1956), and 
this technique is still used today to estimate whole body sweat loss. However, 
more accurate measurement techniques exist and the most common methods 
used in the literature are sweat droplet analysis, sweat capsules (ventilated 
and unventilated), absorbents within capsules and absorbents applied directly 
to the skin (Morris et al., 2013). 
 
Injecting Sudorific agents into the skin can stimulate sweating and sweat rate 
can then be estimated based on the sweat droplets formed (both size and 
number of droplets). The sweat droplet method was used previously to 
investigate methylcholine-induced sweating pre and post heat acclimation in 
older and younger men, focusing on gland density and sweat gland output 
(Inoue et al., 1999a). A thin layer of petroleum jelly was applied over the skin 
mixed with bromophenol to dye the sweat blue and encourage beading of 
sweat droplets. Photographs were taken of the skin after an injection of acetyl-
β-methylcholine at each site and then assessed against a reference grid for 
the analysis of each sweat droplet. This is a unique method of sweat analysis 
but is impractical for large-scale research and over large body regions due to 
the arduous nature and possible inaccuracy and human error.  
20 
 
The most predominant modern technique to measure sweat rate is via the use 
of sweat capsules. All types of sweat capsules (ventilated, unventilated and 
absorbent) are typically glued to one or several skin sites during 
measurement. Ventilated capsules are the most common capsules used and 
this method estimates local sweat rate by measuring the difference in vapour 
content of a gas passing through the sealed capsule which is affixed to the 
skins surface (Morris et al., 2013). This enables accurate and continuous 
sweat measurements over time and typical measurement sites include the 
upper back, forearm, chest, thigh and forehead (Morris et al., 2013). Despite 
the practicality of using ventilated capsules, the inference of small sample 
regions to larger body areas is an issue and hence more recent studies have 
attempted to increase the skin surface area measured (Machado-Moreira et 
al., 2008a; Machado-Moreira et al., 2008b). Alternatively, unventilated 
capsules can be used which calculate regional sweat loss based on the 
weight change of an absorbent substance or material within the capsule, 
which absorbs the sweat from the skin. 
 
Despite the popularity of the capsules to measure sweat rate, these methods 
do have disadvantages. Interference with the microclimate on the skins 
surface is likely to affect the evaporative process causing elevated 
(absorbents) or reduced (capsules) humidity, which may artificially alter sweat 
rate. Furthermore, capsules may not be practical for research involving 
vigorous exercise and also cannot be added and removed rapidly to and from 
the skin, which may influence sweat rate. Lastly, as previously mentioned, the 
small surface area covered by capsules (<2% of the body region) may not be 
representative of larger body regions (Havenith et al., 2008; Smith & Havenith, 
2011). 
 
More recently, sweating research has seen an increase in the use of 
absorbents applied directly to the skin, in particular the technical absorbent 
method (Havenith et al., 2008; Smith & Havenith, 2011, 2012, 2019; Morris et 
al., 2013; Gerrett et al., 2018). This method uses patches of highly absorbent 
material of a fixed surface area, which are individually made to measure. The 
patches are applied to the skin for a short period of time (3-5 min) to provide a 
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‘snap shot’ of local sweat rate over large areas of the body (Smith & Havenith, 
2011; Morris et al., 2013). After application the patches are removed and 
sealed in airtight bags to be weighed for a pre-post application comparison. 
Technical absorbents have been used previously to map regional variations in 
sweat rate over the torso (Havenith et al., 2008; Smith & Havenith, 2019) and 
entire body (Smith & Havenith, 2011, 2012). The use of technical absorbents 
provide an advantage over the capsule methods as the patches are easy to 
use, inexpensive, portable and have been shown to be reliable in the 
measurement of local sweat rate in both field and laboratory environments 
(Morris et al., 2013). Havenith et al. (2008) indirectly compared data from 
previous studies using the capsule and technical absorbent method and found 
similar values between the two. Another study was later conducted which 
directly compared the two methods and in agreement with Havenith et al. 
(2008), it was observed that the new technical absorbent method was indeed 
a reliable measure of regional sweat rate (Morris et al., 2013). Specifically, the 
technical absorbent method correlated highly with the ventilated capsule 
method irrespective of sample surface area, body region or sample time point. 
 
To date, the most detailed quantitative regional sweat data available, utilised 
the technical absorbent method to provide whole body sweat maps in male 
(Smith & Havenith, 2011) and female athletes (Smith & Havenith, 2012). 
These studies provided several conclusions including that sweat rate was 
highest in the central upper back and lowest at the extremities. The body 
mapping technique allows additional analysis within the same body segment 
which indicated that the lower segments of the extremities (lower arm/legs) 
had a higher sweat rate than the upper segments (upper arms/legs) and that 
the medial aspects of the torso had higher sweat rates than the lateral. It was 
also shown that sweat rate increases with increasing exercise intensity and 
only slight variations in sweat distribution were observed between males and 
females when corrected for metabolic rate. In these studies regional sweat 
rate could not be explained by changes in regional Tsk or variation in sweat 
gland density, but more likely associated with differences in sudomotor 
sensitivity and sweat output per gland. Figure 2.4 shows an illustration of 
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whole body sweat maps produced using the technical absorbent method by 
Smith and Havenith (2011). 
 
 
 
 
Figure 2.4. Whole body sweat mapping showing regional median sweat 
rates in males exercising at 55% VO2max (Smith & Havenith, 2011). 
 
 
2.4. Behavioural Thermoregulation  
Although powerful, autonomic thermoregulation is limited by physiological 
(sweating capacity and maximal vasodilation and vasoconstriction) and 
biological constraints (age and anthropometric characteristics). Despite these 
constraints, humans are still able to maintain a thermal balance during 
exposure to environmental extremes due to behavioural thermoregulation. 
Without behavioural adjustments, autonomic responses alone could not 
guarantee survival (Romanovsky, 2007). Behavioural thermoregulation can be 
defined as a conscious decision to maintain a thermal balance (Flouris, 2011) 
and is a crucial thermoregulatory means during both rest and exercise 
(Schlader et al., 2010). Staying in the shade on a hot, sunny day, adjusting 
room temperature or adding and removing clothing are examples of human 
behavioural adjustments in everyday life (Parsons, 2014). Behavioural 
thermoregulation relies upon our ability as humans to sense environmental 
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temperature changes and adapt accordingly and thus research has focused 
on the mechanisms involved in this process. 
 
2.4.1. Thermoreceptors 
The ability to sense temperature change within the body and the surrounding 
environment is possible due to the presence of strategically located 
thermosensitive neurons, referred to as thermoreceptors (Parsons, 2014). 
These thermoreceptors are located both peripherally (skin) and centrally 
(brain, spinal cord and viscera) and are free nerve endings, which are 
categorised into cold and warm receptors, depending on their response to 
thermal stimuli (Nakamura, 2011). The distribution of warm and cold receptors 
is asymmetrical, with a greater number of warm receptors located centrally 
and cold receptors located further towards the periphery. This is indicative of 
the greater threat posed by overheating compared to overcooling the body, 
and as the upper survival limit (≥40.5°C) for Tcore is closer to the normal range 
(37°C) than the lower limit (≤32°C), the anatomical distribution of 
thermoreceptors may serve as a protective mechanism (Romanovsky, 2007). 
In light of this, it is not surprising that the periphery is populated with more cold 
sensitive neurons.  
 
Within the skin, the more common cold activated receptors are located in or 
immediately below the epidermis whereby their signals are transported by thin 
myelinated A delta (Aδ) fibres. Conversely, warm receptors are located in the 
dermis, slightly deeper than cold receptors, and their signals travel along 
unmyelinated C fibres (Romanovsky, 2007). Cold fibres are activated between 
15-38°C and reach peak activation between 23-28°C, whereas warm fibres 
activate at approximately 33°C and reach their peak at around 42°C (Bullock 
et al., 2001). Figure 2.5 illustrates the firing rates of both cold and warm 
receptors and also depicts the temperatures at which the pain receptors are 
activated. The firing rates of these receptors depend upon the direction and 
magnitude of the temperature change and this influences the thermal 
sensation experienced by an individual. 
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Figure 2.5. Discharge frequencies of cold and warm and temperature 
and pain receptors (Zotterman, 1953). 
 
 
The specific temperature activated ion channels are expressed in A and C 
afferent nerve fibre terminals, which end as free nerve endings in the skin. 
The relatively recent discovery of the Transient Receptor Potential (TRP) ion 
channels has transformed the understanding of how humans sense 
temperature (Reid, 2005). The TRP ‘superfamily’ comprises of ~30 channels 
within six subgroups; TRPC (canonical), TRPV (vanilloid), TRPM (melastatin), 
TRPML (mucolipin), TRPP (polycystin) and TRPA (ankyrin). The ThermoTRP 
channels (TRPV1-V4, M2, M4, M5, M8 and A1) are each activated at different 
temperature ranges from noxious cold to noxious heat (0-50°C), as portrayed 
in Figure 2.6 (Romanovsky, 2007). Each TRP channel is activated within a 
narrow range in an overlapping fashion with different sensitivities, fitting the 
role of peripheral thermoreceptors. TRPM8 is associated with innocuous cold 
temperatures (moderate cooling) whereas innocuous warm temperatures 
activate TRPV3 and TRPV4 channels (Romanovsky, 2007).  
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Figure 2.6. Schematic representation of the TRP ion channels 
involved. Blue lines represent cold activated channels and red 
lines represent warm activated channels (Romanovsky, 2007). 
 
2.4.2. Thermal Sensation 
Thermal sensation (local and whole body) is the perception experienced by an 
individual in response to a given temperature stimulus and is one of the main 
sensory modalities of the skin (Hensel, 1974; Schepers & Ringkamp, 2010). 
Thermal sensation serves several purposes; providing thermoregulatory 
signals for homeostatic mechanisms, detecting potentially threatening noxious 
thermal stimuli and aiding in the discrimination between objects via touch (e.g. 
at the same given temperature, metal feels colder than wood) (Schepers & 
Ringkamp, 2010). The degree of sensation experienced is dependent upon 
the firing rates of thermoreceptors in the skin which are activated at differing 
temperature ranges (Bullock et al., 2001; Romanovsky, 2007). Slight 
alterations in Tsk are perceived as warm or cool but such sensations adapt 
rapidly. It was highlighted by Gagge (1969) that there is a close relationship 
between increasing/decreasing Tsk and changes in thermal sensation, which is 
not surprising considering the skin is often in direct contact with the 
environment (unless covered by clothing). However, intense thermal stimuli 
(hot or cold) that lead to Tsk outside of an adapting range may result in non-
adapting thermal sensations. These sensations may change from, cool, cold, 
icy and painful for decreasing temperatures and from warm, hot and painful for 
increasing temperatures (Schepers & Ringkamp, 2010). 
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Thermal sensation is suggested to be influenced by a variety of factors, 
highlighted in the research conducted by Weber in the 1830-50s on tactile 
sensations (Weber et al., 1996). Thermal sensitivity to heat was shown to be 
influenced by the surface area exposed to the given thermal stimulus, as 
submerging a whole hand in water was perceived as warmer, relative to a 
single fingertip exposed to the same temperature (Weber et al., 1996). It was 
also discovered that thermal sensation is influenced by the time duration 
exposed to a thermal stimulus, as initial responses were different to steady 
state responses. This phenomenon is often referred to as the overshoot 
response (Gagge et al., 1969), whereby an overreaction of a thermal stimulus 
occurs in the transient stage and is perceived warmer or colder than it actually 
is. As exposure time increases, this response stabilises and becomes more 
accurate. This overshoot response is illustrated in Figure 2.7, which suggests 
that any temperature change results in an overshoot in the firing rate of 
thermoreceptors, sending high frequency impulses to the brain and thus 
causing an exaggerated thermal perception (Hensel, 1981; Li, 2001).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.7. Static and dynamic response curves of cold and warm 
receptors to constant and changing temperatures (Hensel, 1981; Li, 
2001). 
 
 
It was also observed that the initial temperature of the skin, prior to the 
thermal stimulus, influences the thermal sensation experienced (Hensel, 
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1950). This is not usually an issue if the thermal stimulus is fixed to the skin at 
a set temperature and subsequently increased or decreased, however when 
the thermal stimulus is manually applied to the skin, the initial temperature 
may have an effect on the sensation experienced. Lastly, applying thermal 
stimuli to the skin may cause a dual neural stimulation between 
mechanoreceptors and thermoreceptors on contact, especially in areas of the 
body that are sensitive to touch. Therefore, it may be suggested that the 
pressure of the applied stimulus will impact the thermal sensation. This is 
supported by a study from Filingeri et al., (2014) comparing two different 
stimulus pressures (‘low’: 7 kPa and ‘high’: 10 kPa), in which the ‘high’ 
pressure application attenuated cold sensation and the perception of wetness. 
However, the majority of thermal sensitivity studies have not controlled for 
application pressure and thus it cannot be assumed that each region or each 
participant was stimulated with the same pressure. The previous studies that 
have indeed controlled for this factor (Bertelsmann et al., 1985; Doeland et al., 
1989; Seah & Griffin, 2008) have used a considerably lower pressure than 
that of Filingeri et al., (2014). It is therefore unknown whether small 
differences in application pressure would have the same influence on thermal 
sensation. Despite this, it is still advised to ensure a standardised pressure is 
applied to all body areas across participants. All of the aforementioned 
influential factors must be considered when investigating thermal sensitivity 
over the body surface. This must also be taken into account when comparing 
across previous studies, especially within different population groups as 
differences may be exaggerated or masked due to such factors. 
 
Regional differences in the sensitivity to warm and cold have been 
investigated due to the non-uniform distribution of thermoreceptors in the skin 
(Stevens et al., 1974; Nakamura et al., 2008; Ouzzahra et al., 2012; Gerrett et 
al., 2014). Early research attempted to locate specific cold and warm spots 
over the body surface, at multiple locations, in order to compare regional 
distribution in thermoreceptor densities, as shown in Table 2.1 (Rein, 1925; 
Strughold & Porz, 1931 cited in Parsons, 2003).  
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Table 2.1. Number of cold and warm spots per cm2 in the skin. 
Region Cold Spots Warm Spots 
Forehead 5.5-8.0  
Nose 8.0 1.0 
Lips 16.0-19.0  
Other parts of face 8.5-9.0 1.7 
Chest 9.0-10.2 0.3 
Abdomen 8.0-12.5  
Back 7.8  
Upper arm 5.0-6.5  
Forearm 6.0-7.5 0.3-0.4 
Back of hand 7.4 0.5 
Palm of hand 1.0-5.0  
Finger dorsal 7.0-9.0 1.7 
Finger volar 2.0-4.0 1.6 
Thigh 4.5-5.2  
Calf 4.3-5.7  
Back of foot 5.6  
Sole of foot 3.4  
 
Cold spots (Strughold & Porz, 1931) 
Warm spots (Rein, 1925) 
From Parsons, (2003) 
 
 
Despite the large body of literature in this area, the different methods used to 
assess thermal sensitivity can confound the results and the subsequent 
conclusions made from these studies (Gerrett et al., 2017). The two most 
common methods used to assess regional thermal sensation are threshold 
detection and magnitude estimation (Ouzzahra et al., 2012; Gerrett et al., 
2014). Threshold detection, also known as the ‘method of limits’, requires an 
individual to respond once they perceive a temperature increase of decrease 
from a set baseline, whereas magnitude estimation requires a rating of the 
degree of sensation experienced for a given temperature after application of 
the stimulus. Both of these methods can determine thermal sensitivity across 
different body regions, however the type of sensitivity differs between the two 
methods and thus it is important to distinguish between these differences 
when comparing previous work (Harju, 2002). 
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Utilising the method of limits technique, Golja et al., (2003) observed that 
individuals had a higher sensitivity to cold than warm and that females were 
more sensitive to both temperature stimuli when compared to males. 
Conversely, Lautenbacher & Strian, (1991) found sex differences in the warm 
threshold only which was more pronounced at the foot than the hand. Much of 
the sensitivity research incorporating the methods of limits focuses on a small 
number of body regions (typically only the hand and foot) which does not 
enable inferences to be made about other regions over the body. Using the 
magnitude estimation method, early work in the field applied a warm stimulus 
of differing strengths and surface areas to ten body regions during resting 
conditions (Stevens et al., 1974). They confirmed that the larger the surface 
area, the greater estimation of warmth and also found regional differences in 
sensitivity between body regions with highest sensitivity on the face, chest and 
abdomen and lowest in the extremities. However, this work failed to take into 
consideration the initial Tsk prior to application of the thermal stimulus and thus 
this work must be interpreted with care.  
 
More recently, research has been conducted utilising a body mapping 
approach to detect regional differences in thermal sensitivity at a large number 
of sites. In a sex comparison study using a warm stimulus (40°C) applied to 31 
body locations (magnitude estimation), Gerrett et al., (2014) found that 
thermal sensation differed between sex as females were significantly more 
sensitive to the innocuous heat stimulus than males. Moreover, confirming 
previous findings, thermal sensation was evidently greatest at the head and 
the torso with lower values observed at the extremities. It was also shown that 
exercise caused a decrease in thermal sensation across body regions. Using 
the same methodology with a cold stimulus (20°C), 16 body sites across the 
torso and arms were assessed for thermal sensitivity by Ouzzahra et al., 
(2012). The lateral abdomen and mid back were found to be most sensitive to 
cold, and exercise was associated with a reduction in this sensation, thought 
to be a result of exercise-induced analgesia. Both of the aforementioned 
studies (Ouzzahra et al., 2012; Gerrett et al., 2014) took into account the Tsk 
of the region prior to applying the stimulus by asking participants for a 
transient (immediate thermal sensation) and a steady state thermal sensation 
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rating (rating after 10 s of application). This allows a comparison between 
transient and steady state ratings to be made and data may be presented as 
absolute values, a mean of the two or a delta. 
 
Our ability to sense temperature change both centrally and peripherally has a 
great impact on the way in which we behave. Thermal sensation and comfort 
are suggested to be the drivers of behavioural thermoregulation in both hot 
and cold environments, preceded by a change in Tsk and thus are vital 
influencers of the control and maintenance of Tcore (Schlader et al., 2009, 
2010, 2011). As behavioural changes limit the necessity for autonomic 
adjustments, attenuated thermal sensation and consequential delays in 
feelings of discomfort may put a greater thermoregulatory strain on the body 
(Schlader et al., 2017), thus highlighting their importance in homeostasis. 
 
2.4.3. Thermal Comfort 
Thermal comfort is defined as ‘that condition of mind which expresses 
satisfaction with the thermal environment’ (ASHRAE, 1966) and is the state 
that an individual strives to be in during a period of discomfort (Parsons, 
2014). As opposed to thermal sensation which can be directly attributed to the 
action of thermoreceptors, there are no specific sensory organs responsible 
for thermal comfort. However, it is assumed that thermal comfort is related to 
effective interpretations of thermal sensation and can be seen as the main 
determinant that drives behavioural thermoregulation. In steady state 
environments thermal comfort can be described as the absence of discomfort 
(Hertzberg, 1972), whereas during transient conditions (i.e. moving from a 
cold room to a warm room), feelings of thermal pleasure are experienced 
(Parsons, 2014). 
 
The significant body of work by Fanger, (1970) outlines the optimal conditions 
for thermal comfort and the methods for evaluating thermal environments. His 
work recognises that it is a combination of all six basic parameters (air 
temperature, radiant temperature, air velocity, relative humidity, metabolic 
heat production and clothing) that determines thermal comfort in humans. 
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Fanger defined three conditions for the body to be in thermal comfort, as 
summarised by (Parsons, 2003): 
 
1. The body is in heat balance 
2. The sweat rate is within comfort limits 
3. The mean Tsk is within comfort limits 
 
Although heat balance is important for comfort it is not solely responsible for a 
thermally comfortable state (McIntyre, 1973). The body may be in heat 
balance but may also be uncomfortably hot and sweaty or uncomfortably cold 
with low Tsk. The sweating rate and Tsk required for comfort largely depends 
on activity level and clothing. It is suggested that thermal comfort is greatly 
influenced by Tsk when Tcore is stable but changes in Tcore may also influence 
thermal comfort. Discomfort is caused by the whole body being perceived as 
too warm or too cold or specific body regions being unwantedly heated or 
cooled, causing local discomfort (Parsons, 2014). The absence of local 
discomfort is considered to be the fourth condition required for thermal 
comfort. 
 
In order to evaluate and analyse thermal comfort in differing environments, it 
was proposed that the magnitude of discomfort depends upon the thermal 
load, which is the difference between heat production and heat loss (Fanger, 
1970). Thermal load is zero when in comfort conditions and for deviations 
from comfort, the thermal sensation experienced by an individual is a function 
of the thermal load and the activity level. Data was collected for various levels 
of activity and clothing in different environmental conditions in order to provide 
an equation for the predicted mean vote (PMV). This equation predicts the 
thermal sensation of a large group of people within a given environment as an 
indication of thermal comfort (Fanger, 1970). Thermal sensation ratings 
between slightly warm (+1) and slightly cool (-1) are considered to be within 
the comfort zone.  
 
Adaptive thermal comfort theorists suggest that there is a link between 
comfort temperature and the context in which individuals find themselves 
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(Nicol & Humphreys, 2002). The interaction between an individual and their 
environment elicits a comfort temperature. However, the more opportunities 
available to the individual that allow them to adapt to the environment, the less 
likely they are to suffer discomfort. Climate has an overarching impact on the 
thermal attitude of individuals and therefore the outdoor temperature 
influences the indoor comfort (Humphreys, 1978). This has become 
increasingly relevant in the current climate whereby heat waves occur more 
frequently and in fact, the majority of heat-related fatalities take place in an 
indoor environment such as workplaces and homes (Fouillet et al., 2006; 
Kenny et al., 2019).  
 
2.4.4. Subjective Scales 
Subjective rating scales are used to assess an individual’s attitude or feelings 
towards something (Parsons, 2014). They are often utilised within 
thermoregulatory research to assess thermal sensation, comfort and 
preference, in order to provide a subjective evaluation of the thermal 
environment alongside objective measures such as Tcore and Tsk (Lee et al., 
2010b). The two main types of scales used in the literature are visual 
analogue scales (VAS) and Likert scales (Leon et al., 2008; Lee et al., 2010b). 
VAS typically involve a straight line with labels or anchors at either end (Scott 
& Huskisson, 1976), whereas Likert scales are categorical and divided with 
numerous words or phrases and numbers as anchors (Likert, 1932). Typically, 
when assessing thermal sensation and comfort, Likert scales have been most 
commonly utilised due to the benefit of verbal descriptors which aid individuals 
in rating their sensation. The Bedford scale is a 7 point scale ranging from 
‘much too cool (1)’ to ‘much too warm (7)’ with ‘comfortable (4)’ at the midpoint 
(Bedford, 1936). However, this scale combines both thermal sensation and 
comfort, which in reality are two separate variables and thus may cause 
confusion within the literature (McIntyre, 1980). The American Society of 
Heating, Refrigerating and Air-conditioning Engineers (ASHRAE) categorised 
thermal sensation with the following descriptors: cold, cool, slightly cool, 
neutral, slightly warm, warm and hot (ASHRAE, 1966, 1992) which was 
adopted from Gagge et al., (1967). Both ASHRAE and the International 
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Organisation for Standardisation (ISO) have a general agreement in the 
construction of thermal sensation and comfort scales (ISO 10551, 2001; Leon 
et al., 2008; Lee et al., 2010). 
 
Alongside the use of categorical Likert scales in thermal physiology research, 
psychological studies have developed the use of VAS to measure variables 
such as mood, pain, alertness, hunger, motivation and health (Lee et al., 
2010b). The benefit of VAS is the higher accuracy in subjective responses 
without the use of ‘restrictive’ or ‘artificially forced’ categories (Leon et al., 
2008). However, for standardisation and comparison between studies, the use 
of recognised thermal rating scales, such as those presented by ASHRAE and 
ISO, are preferred by environmental ergonomists. 
 
2.5. Factors Influencing Thermoregulation 
The body’s ability to thermoregulate is influenced by several environmental 
and personal factors including air temperature, radiant temperature, air 
velocity, humidity, clothing level and metabolic heat production, as discussed 
previously. Thermoregulatory responses are also affected by several 
biophysical factors including fitness level, body morphology, age, sex and 
disease. 
 
An individual’s fitness level or habitual activity pattern may influence the way 
in which they thermoregulate. Numerous studies have demonstrated that 
individuals with a lower VO2max have a decreased ability to dissipate heat 
through a reduction in sweating response (Tankersley et al., 1991; Havenith et 
al., 1998; Fritzsche & Coyle, 2000; Gant et al., 2004; Smith & Havenith, 2011). 
However, these studies do not take into account or correct for biophysical 
factors of metabolic heat production, such as body mass and body surface 
area, which are known influencers in modulating heat loss (Havenith et al., 
1995; Jay et al., 2011; Cramer & Jay, 2015; Notley et al., 2016).  
 
Jay and colleagues conducted a cluster of recent studies comparing fit and 
unfit individuals, matched for physical characteristics and working at a fixed 
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rate of heat production (Jay et al., 2011; Cramer & Jay, 2014, 2015; Jay, 
2014). They observed similar sweating responses between the two groups, 
which contradicts previous work. However, new evidence suggests that the 
contribution of physical fitness depends on the net heat load (Lamarche et al., 
2018). The studies by Jay and colleagues were conducted in thermoneutral 
conditions therefore suggesting that aerobic fitness does not modulate 
thermoregulatory responses during exercise at net heat loads, in which heat 
loss is not compromised. However, at net heat loads greater than 500 W, 
whereby unfit individuals capacity to dissipate heat is challenged, fitter 
individuals supposedly have greater evaporative heat loss and thus improved 
sweat gland output, compared to the unfit group (Lamarche et al., 2018). 
Although this new evidence may provide insight into the extent to which 
physical fitness influences heat loss responses, these findings must be 
interpreted with care. The commonly observed disparity between calorimetry 
(used in the study by Lamarche et al., (2018)) and thermometry (used in the 
majority thermophysiological studies) makes comparisons between these 
studies problematic.  
 
The capacity to store heat is dependent upon size, with larger objects having 
more thermal stability, whereas heat exchange capacity is dependent upon 
surface area. These principles are also true in relation to human heat storage 
and heat exchange and thus autonomic thermoregulation has a morphological 
dependence (Notley et al., 2016). Despite this, few studies seem to take this 
into account when comparing thermoregulatory responses of individuals with 
difference body sizes (Cramer & Jay, 2014). As body size decreases, mass-
specific surface area increases and thus smaller individuals are 
morphologically suited to dry heat dissipation compared to their larger 
counterparts, who are best suited to evaporative heat loss mechanisms 
(Notley et al., 2016). Body surface area to mass ratio also plays a significant 
role during cold exposure whereby smaller individuals have an increased 
cooling rate (Stocks et al., 2004). Consequently, children, women and frail 
older individuals tend to cool more rapidly and thus are at a greater risk in cold 
environmental conditions. 
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The majority of thermoregulatory based research typically focuses on 
assessing males with little attention on the female population. However, an 
increasing number of studies have investigated sex differences in various 
responses such as Tcore and Tsk (Morimoto et al., 1967; Havenith et al., 1998; 
Inoue et al., 2005; Smith & Havenith, 2012; Fournet et al., 2013), sweat loss 
(Morimoto et al., 1967; Inoue et al., 2005, 2014; Havenith et al., 2008; 
Ichinose-Kuwahara et al., 2010; Gagnon & Kenny, 2012; Smith & Havenith, 
2012; Gagnon et al., 2013) and thermal sensitivity (Lautenbacher & Strian, 
1991a; Golja et al., 2003; Gerrett et al., 2014; Inoue et al., 2016).  
 
From the data available, substantial discrepancy encompasses the notion of 
sex differences in thermoregulatory responses. Typically, females are less 
efficient at regulating body temperature than males and have reportedly lower 
sweat rates, a delayed onset of sweating and consequently a significantly 
higher rectal temperature during the same activity. In contrast, numerous 
studies provide evidence to suggest that sex differences may actually be a 
result of differences in body morphology and/or fitness level. The disparity 
within the literature must be viewed with care and with the specific research 
question in mind, as some studies require a more applied approach, whereas 
others take a mechanistic approach. Gagnon & Kenny, (2012) demonstrated 
for the first time that males and females had similar whole body and local 
sweat rates on the chest, forearm and back when working at the same fixed 
heat production (≤250 W.m-2). However, when working at a higher heat 
production (300 W.m-2), females had lower sweat rates and a lower maximal 
evaporative capacity due to a lower sweat output per gland. If exercise 
intensity in this study had been set at a %VO2max, sex differences may have 
been incorrectly reported when sex per se only influences sweat rate at higher 
rates of heat production (Gagnon & Kenny, 2012; Jay, 2014). However, it 
could be argued that as most sport is relative (i.e. %VO2max), a relative 
exercise intensity would highlight sex related differences for that particular 
application. 
 
Females have also been shown to be more sensitive than males to warm 
(Lautenbacher & Strian, 1991a; Golja et al., 2003; Gerrett et al., 2014; Inoue 
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et al., 2016) and cold stimuli (Golja et al., 2003; Inoue et al., 2016). Using a 
body mapping approach Gerrett et al., (2014) observed greater magnitude 
sensation to warmth (40°C) in females compared to males at all 33 body 
locations assessed. They concluded that sex differences in thermal sensitivity 
may be associated with behavioural thermoregulation. Females are reported 
to rely more on convective heat loss than evaporative mechanisms (Inoue et 
al., 2005) and thus a higher heat sensitivity would encourage behavioural 
adjustments to maintain a thermal balance (Gerrett et al., 2014). In support of 
this, thermal threshold data from Inoue et al., (2016) showed that females 
were more sensitive than males to both warm and cold stimuli regardless of 
age and similarly speculated that this was a protective mechanism to 
counteract their supposedly impaired ability to thermoregulate. Furthermore, 
females have been shown to be more sensitive to cold compared to warm 
stimuli, which is consistent with the literature on other population groups 
(Gerrett et al., 2015). 
 
Lastly, a considerable amount of research has investigated the age-related 
changes in both autonomic and behavioural thermoregulation, covering a wide 
range of thermal responses and age categories. Age differences during 
exposure to a variety of environmental conditions have been explored 
previously in the literature and this will be the main focus of the proceeding 
literature review (section 2.6). 
 
2.6. Thermoregulatory Responses and Ageing 
The ageing process is a natural occurrence in human life and therefore the 
effects of age on our ability to thermoregulate is a strong topic of interest. It is 
known that individuals over the age of 65 yrs old demonstrate excessively 
larger increases in mortality during heat waves and cold spells than their 
younger counterparts (Kenny et al., 2010; Shibasaki et al., 2013; Kenney et 
al., 2014). Therefore, as the aged population is rapidly growing and the 
prevalence and impact of global warming and adverse weather events is 
increasing, this area of research needs expanding and updating (Blatteis, 
2012).  
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Currently, there are numerous meanings of the term ‘old age’, with several 
suggested classifications categories (Kenney & Hodgson, 1987). The World 
Health Organisation (cited in Kenney & Hodgson, 1987) proposed the 
following classification system: 45 to 59 yrs = middle age, 60 to 74 yrs = 
elderly, 75 to 90 yrs = old and >90 yrs = very old. Although, within the 
thermoregulatory literature, individuals over the age of 65 yrs tend to be 
categorised simply as ‘old’ or ‘older’ rather than ‘elderly’. However, currently 
there is no strict classification system used universally within ageing research 
and thus comparing across studies becomes confusing and misleading 
(Degroot & Kenney, 2007). For the purpose of this thesis, the terms 
young/younger and old/older will be utilised as classification of two distinct 
adult age groups in line with Age UK terminology (Age UK, 2018). 
 
With advancing age comes structural and functional deterioration in the 
physiological systems of the human body. This occurs even in the absence of 
disease and illness and affects a wide range of tissues, organs and functions 
at differing rates (Jackson & Navaratnarajah, 2016). These age-related 
declines ultimately influence the daily activities and behaviour of older 
individuals (Chodzko-Zajko et al., 2009). Declines in skeletal muscle size and 
strength and alterations in body composition are some examples of how the 
physiological ageing process influences body morphology and subsequently 
the capacity of thermoregulatory responses. Furthermore, decreased physical 
fitness and a habitual sedentary lifestyle, contribute to a reduced efficiency of 
the circulatory system and a decrease in metabolic rate. Such alterations are 
suggested to be the underlying cause of the age-related decrements in 
thermoregulatory responses (Parsons, 2014). There are many more 
alterations that occur as a result of ageing; however this review will focus 
predominantly on alterations in autonomic and behavioural thermoregulation. 
 
2.6.1. Core Temperature and Circadian Rhythm  
The standard variable in the measurement of thermoregulation is internal body 
temperature, which is a quantitative measure of heat storage for maintaining a 
thermal balance (Shibasaki et al., 2013). As previously mentioned throughout 
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this review, Tcore is regulated within a narrow range around 37°C, to enable 
optimal molecular and cellular function. In older individuals, this internal 
temperature is thought to be slightly lower than that of young healthy 
individuals (Shibasaki et al., 2013). However, this is not universally accepted 
as some research groups suggest that baseline resting body temperature 
does not differ between young and older age groups in thermoneutral 
conditions (Kenney & Munce, 2003).  
 
The natural circadian temperature rhythm appears to alter with age, portraying 
flatter and earlier phasing rhythms in older individuals (Vitiello et al., 1986; 
Van Someren et al., 2002), although these changes are suggested to be 
minor (Kenney & Munce, 2003). Circadian rhythm is suggested to have some 
influence on the thermal sensation and sweating response (Van Someren et 
al., 2002). The strongest thermal sensations are perceived during the 
afternoon whereas during the night and early morning sensation is attenuated. 
With regards to the sweat response, age-related declines may be more 
evident during the night, when sweat rate is high due to circadian and sleep 
modulation. As a result, this decline in evaporative heat loss limits the capacity 
for the natural, nocturnal drop Tcore, which may put older individuals at risk 
during warmer climates and heat waves (Van Someren et al., 2002).   
 
There are numerous factors that influence body temperature and circadian 
rhythm such as lifestyle, sleep pattern, measurement site and environmental 
temperature, which must be considered when comparing old and young 
population groups (Blatteis, 2012). For example, the sleeping patterns of older 
individuals are typically very different from their younger counterparts and thus 
may influence circadian body temperature due to the alteration in the light-
dark cycle and the altered release of melatonin (Shibasaki et al., 2013). 
 
2.6.2. Cold Stress 
The autonomic physiological response to cold stress involves decreasing heat 
loss primarily via peripheral vasoconstriction and increasing metabolic rate 
and heat production by shivering and non-shivering thermogenesis (Kenney & 
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Munce, 2003; Parsons, 2014), as illustrated in Figure 2.8. The ageing process 
alters the way in which the body thermoregulates and is associated with a 
decreasing ability to maintain internal body temperature when exposed to cold 
environmental conditions. Older individuals are therefore suggested to be 
more at risk of hypothermia and mortality during winter months and cold 
exposures. This increased risk is not particularly associated with an accident 
or concurrent illness, as accidental hypothermia may also be prevalent in 
apparently fit, healthy older individuals (Collins et al., 1977; Thompson-
Torgerson et al., 2008).  
 
 
Figure 2.8. Simple illustration of age-related changes in 
thermoregulation during cold stress (Kenney & Munce, 2003). 
 
 
Vasoconstriction 
Cutaneous vasoconstriction is the primary response to cold stress to minimise 
heat loss to the environment via reflex (whole body) and local pathways, 
working independently and synergistically (Thompson-Torgerson et al., 2008; 
Holowatz et al., 2010). A longitudinal study was conducted which found that 
older humans had impaired cutaneous vasoconstriction, predisposing them to 
hypothermia (Collins et al., 1977), a finding that has subsequently been 
confirmed by further, more detailed studies (Frank et al., 2000; Thompson & 
Kenney, 2004; Degroot & Kenney, 2007).  
 
An attenuated reflex vasoconstrictor response in older individuals is evident 
even when individuals are matched for fitness, body size and composition and 
irrespective of the type of cold exposure or blood flow measurement (Kenney 
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& Munce, 2003; Thompson-Torgerson et al., 2008; Holowatz et al., 2010). 
Moreover, the inability to vasoconstrict is apparent in both acral (palms, soles, 
ears and lips) and nonacral (limbs and torso) skin (Kenney & Armstrong, 
1996; Kenney & Munce, 2003). Mechanistic research suggests that reflex 
vasoconstriction is attenuated in aged skin due to impairment in the function of 
the efferent arm of the reflex, as thermoregulatory control of vasoconstrictor 
nerves lessens (Frank et al., 2000; Thompson-Torgerson et al., 2008). The 
decreased release and blunted response of noradrenaline and co-transmitters 
is a likely contributor to the weakening of efferent signals involved cold 
induced vasoconstriction in older individuals (Frank et al., 2000). 
 
In contrast to the deterioration of reflex mechanisms, the magnitude of cold-
induced local vasoconstriction is suggested to remain unchanged with 
advancing age (Thompson et al., 2005; Thompson-Torgerson et al., 2007; 
Holowatz et al., 2010). However, aging does in fact cause a shift in the 
mechanisms responsible for this response, with older individuals becoming 
more reliant upon Rho/ROCK signalling rather than adrenergic mechanisms. 
The compensatory influence of Rho/ROCK-mediated constriction counteracts 
the supressed adrenergic response and the greater dependence upon this 
signalling parallels the upregulation of the Rho/ROCK pathway. This is 
suggested to be linked to age-related vascular pathologies such as 
atherosclerosis, hypertension and diabetes (Thompson et al., 2005; 
Thompson-Torgerson et al., 2007; Holowatz et al., 2010). 
 
Thermogenesis 
The weakened ability of older individuals to vasocontrict is exacerbated by the 
onset of sarcopenia as both skin and muscle contribute to insulation from cold 
stress and maintaining a thermal balance (Kenney & Munce, 2003). 
Sarcopenia is the age-related decrease in muscle mass which results in a 
lower metabolic rate and reduced heat production usually obtained from 
shivering (Shibasaki et al., 2013). It is suggested that muscle mass decreases 
approximately 0.5-1% per year after the age of 50 and as a result the basic 
metabolic rate decreases by around 30% from 20-70 yrs (Kalyani et al., 2014). 
A reduction in physical activity and energy intake typically associated with 
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progressive age, leads to weight loss and a decrease in both muscle and fat 
mass, accelerating the rate of sarcopenia. In the cold, a sarcopenia induced 
reduction in the ability to produce heat from shivering further increases the risk 
of hypothermia in the elderly. Furthermore, the prevelance and functionality of 
brown adipose tissue is also sugguested to reduce with age and thus there is 
little, if any aid from non-shivering thermogensis (Shibasaki et al., 2013). The 
mechanisms involved in the tissues reduction to produce heat are not known 
and it is still uncertain whether this is due to progressive atrophy as a result of 
normal ageing or a consequence of disuse because of compensatory means 
(i.e. behaviour adjustments) (Blatteis, 2012). 
 
Core and Skin Temperature 
Exposure to cold environments decreases both Tcore and Tsk at a rate 
dependent upon the magnitude of the cold stimulus. It is generally believed 
that older individuals have impaired defence mechanisms during cold 
exposure and consequently cannot maintain a stable Tcore (Smolander, 2001; 
Kenney & Munce, 2003; Degroot & Kenney, 2007; Blatteis, 2012). An 
attenuated vasocontrictor response combined with a reduction in metabolic 
rate due to lower skeletal muscle mass, puts older individuals at a greater risk 
of hypothermia (Kenney & Munce, 2003; Degroot & Kenney, 2007).  
 
Several cold exposure studies have observed significant declines in Tcore in 
older individuals when compared to their younger counterparts (Horvath et al., 
1955; Wagner et al., 1974; Inoue et al., 1992; Falk et al., 1994; Frank et al., 
2000; DeGroot et al., 2006; Degroot & Kenney, 2007). However, age 
associated changes in Tsk are reported less frequently and are inconsistent 
within the available literature. Inoue et al., (1992) observed lower Tsk in their 
older group in reponse to whole body cooling during both summer and winter 
seasons, when compared to their younger group. However, several other 
studies failed to show any age-related differences in Tsk (Wagner et al., 1974; 
Collins et al., 1985; Kenney & Armstrong, 1996; Degroot & Kenney, 2007). Of 
course, as with any comparison across different studies, particularly with 
those conducted within different decades, the measurement technique and 
location must be taken into account. Despite this, there seems to be a general 
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agreement within the literature that older individuals have an impaired defence 
against Tcore during cold exposure. However, there is a requirement for more 
detailed analysis of Tsk differences between young and older individuals.  
 
2.6.3. Heat Stress 
During exposure to heat, specific mechanisms are activated in order to 
maintain a thermal balance between heat loss and heat gain. As the body 
ages, it loses its efficient ability to dissipate heat through vasodilation and 
sweating and thus heat storage increases, predisposing older individuals to 
heat stroke and hyperthermia in hot environmental conditions (Shibasaki et 
al., 2013). As a result, individuals over the age of 60 yrs old are suggested to 
be amongst the worst affected by extreme heat and this was evident during 
the 2003 European heat wave in which mortality rates increased with 
advancing age (Fouillet et al., 2006; Robine et al., 2008; Kenny et al., 2010). 
Thus research investigating the direct effects of heat stress on older 
individuals is vital with the current global temperature continuously increasing. 
A diagrammatic representation showing the influence of ageing on heat loss 
mechanisms is portrayed below in Figure 2.9. 
 
 
Figure 2.9. Simple illustration of age-related changes in thermoregulation 
during heat stress (Kenney & Munce, 2003). 
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Vasodilation 
Vasomotor adjustments begin the thermoregulatory response to heat stress 
whereby the blood vessels dilate to increase heat dissipation to the 
environment. However, in older individuals this response is attenuated as 
there is both a delay in the initiation of the response and a reduced maximal 
vasodilator capacity (Blatteis, 2012). In healthy aged skin, on average 
individuals aged 60-90 yrs old have a 25-50% reduction in SkBF when 
compared with their younger counterparts during whole body heating 
(Holowatz & Kenney, 2010). It is suggested that because it is the magnitude of 
SkBF that changes in aged skin rather than the pattern, the reduced 
cutaneous perfusion is a result of a structural alteration (loss of capillary 
plexus functional units) (Kenney & Munce, 2003). Similarly to the 
vasoconstrictor mechanisms discussed above, the impairments in reflex 
vasodilation occur at several points along the efferent arm of the sympathetic 
reflex. This includes a reduced sympathetic neural drive and contribution of 
sympathetic cholinergic co-transmitters and changes in endothelial and 
vascular smooth muscle downstream signalling (Holowatz & Kenney, 2010). 
 
The first study to quantify the difference in SkBF in young and older 
individuals was Minson et al., (1998) who investigated the cardiovascular 
responses during passive heating. An age-related reduction in SkBF was 
observed which was associated with a smaller increase in cardiac output and 
a reduced redistribution of blood flow from splanchnic and renal areas in the 
older compared to younger men. The young men increased SkBF by 
approximately 5.8 L/min whereas the older men achieved an increase of only 
2.7 L/min on average, as shown in Figure 2.10 (Minson et al., 1998). A lower 
stroke volume is suggested to be responsible for the observed difference in 
cardiac output in the older men, likely due to an attenuated β-adrenergic 
sensitivity (Holowatz et al., 2010).  
 
During local heating in aged humans, vasodilation is attenuated compared to 
young individuals due to a decrease in axon reflex contribution to the initial 
peak (as discussed above and illustrated in Figure 2.3). This is suggested to 
be a result of either a decline in the sensory component in response to the 
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change in temperature, reduced neurotransmitter release and/or a reduced 
vascular responsiveness (Holowatz et al., 2010; Blatteis, 2012). With 
advancing age, there is also a reduction in the nitric oxide dependent plateau 
phase during the local heating response, which is potentially due to 
upregulated arginase activity and increased oxidative stress. However, these 
mechanisms have not yet been thoroughly explored and thus are speculative 
(Holowatz et al., 2010). 
 
 
Figure 2.10. Changes in cardiac output and renal, splanchnic and skin 
blood flow with passive heating in both young and older males. Redrawn 
by Kenney et al., (2014) from previous data (Minson et al., 1998). 
 
Sweating 
During heat stress when vasomotor adjustments are insufficient to dissipate 
heat, humans rely largely on the stimulation of eccrine sweat glands to initiate 
heat loss via sweat evaporation. Similarly to the deterioration of the SkBF 
response with age, there is also a clear effect of ageing on thermoregulatory 
sweating, which further compromises heat loss and increases thermal strain 
(Smith et al., 2013a). Studies have shown that the number of active sweat 
glands does not alter with age but rather it is the sweat output per activated 
gland that decreases (Ellis et al., 1976; Kenney & Fowler, 1988). In 1993, 
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Sato (cited in Kenney & Munce, 2003) stated that ageing had little effect on 
maximal sweat rate (pharmacologically induced) until approximately age 60 
yrs old but between age 70-80 yrs declines in sweat gland function are 
evident. Conversely, evidence from other previous studies reported age-
related changes with no differences in active gland density but a reduced 
output per gland after methylcholine injections in older (50-70 yrs) relative to 
younger (~20 yrs) men (Ellis et al., 1976; Kenney & Fowler, 1988). Moreover, 
regional differences have been noted in sweat gland function as a greater age 
effect is apparent on the forehead and limbs compared to the torso, albeit 
again using methylcholine injections (Foster et al., 1976). 
 
In response to thermal stimulation it has been shown that older individuals 
sweat significantly less than their younger counterparts (Fennell & Moore, 
1973; Crowe & Moore, 1974; Anderson & Kenney, 1987; Kenney & Anderson, 
1988; Inoue et al., 1995, 1998; Inoue & Shibasaki, 1996; Dufour & Candas, 
2007; Smith et al., 2013a) and also have a higher Tcore -sweating threshold 
(Fennell & Moore, 1973; Crowe & Moore, 1974; Smith et al., 2013). However, 
a common feature of these comparison studies is the lack of control for 
confounding factors such as acclimation state, body composition and 
morphology and fitness level.  
 
Studies matching individuals for body surface area (Drinkwater et al., 1982) or 
VO2max (Gonzalez et al., 1981) have shown no differences in resting sweating 
rate between young and older individuals but both of these studies observed 
that sweat rate was strongly determined by VO2max, which is well documented 
to decline with advancing age. This was subsequently supported by Havenith 
et al., (1995) who concluded that the influence of age on the sweating 
response was negligible compared to the influence of fitness level. A more 
recent study, matching individuals for anthropometric characteristics and 
VO2max, compared sweating (using sweat capsules on 6 sites) and SkBF 
responses in young and older individuals during whole body passive heating 
(Smith et al., 2013a). Age-related decrements in sweat rates were observed in 
a non-uniform pattern over the body and this reduction was not attributable to 
cholinergic sensitivity but more likely heat activated sweat gland function.  
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A considerable amount of research has been conducted to assess regional 
differences in sweat rate between young and older individuals using sweat 
capsules. Earlier studies have suggested that a clear distribution pattern 
exists as age differences appear more noticeable in the extremities when 
compared to the torso (Inoue et al., 1991; Cotter et al., 1995). It has therefore 
previously been hypothesised that glandular function declines in a peripheral 
to central fashion as the skin ages (Kenney & Munce, 2003). However, this is 
not a universal finding as a significant body of work by Inoue and colleagues 
has demonstrated that ageing causes a decline in sweat rate which proceeds 
from the lower limbs to the back of the upper body, followed by the front of the 
body and the head, as shown in Figure 2.11 (Inoue & Shibasaki, 1996; Inoue 
et al., 2004).  
 
In several studies, this research group have consistently shown markedly 
greater declines in sweat rate at the thigh, compared to other body regions, as 
a function of age in young (20-25 yrs) and older (60-70 yrs) adults (Inoue et 
al., 1991, 1995, 1999b; Inoue, 1996; Inoue & Shibasaki, 1996). Sweat rate at 
the back has also shown age-related declines but little change has been 
observed on the chest, forearm and forehead, thus resulting in the 
aforementioned distribution pattern (Inoue & Shibasaki, 1996). Furthermore, 
these studies suggest that deterioration in cutaneous vasodilation occurs prior 
to a reduction in sweat output per gland and number of active sweat glands, 
as illustrated in Figure 2.11 (Inoue et al., 1991, 1999b, 2004; Inoue & 
Shibasaki, 1996). It must be noted that the work by Inoue and colleagues was 
conducted on Japanese participants and although there is limited, if any 
research to suggest ethnic differences in regional sweating distribution exist, 
the findings may not translate directly to other ethnicities. 
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Figure 2.11. Suggested order of age-related declines in heat loss 
effector function where CVD is cutaneous vasodilation, SGO is 
sweat gland output and HASG is activate sweat gland density 
(Inoue & Shibasaki, 1996; Inoue et al., 2004). 
 
 
The majority of studies investigating the effects of age on the sweating 
response have utilised the sweat capsule method, measuring several sites 
over the body (Cotter et al., 1995; Inoue et al., 1995; Inoue & Shibasaki, 1996; 
Smith et al., 2013a). As discussed previously, this method estimates sweat 
rate for large body regions based on a small sample area, which may not truly 
represent the larger region. The use of technical absorbents as an alternative 
may represent a better overview of whole body sweating and regional 
differences between old and young individuals. Considering this technique has 
been shown to be reliable (Morris et al., 2013), this could be a relevant 
avenue for future sweating research. Furthermore, this will allow for whole 
body sweat maps to be created for older individuals and compared with the 
previous work by Smith and Havenith (2011, 2012) to provide a more detailed 
approach.  
 
An alternate body of work conducted by one research group has 
predominantly utilised direct calorimetry to assess whole body evaporative 
heat loss between young and older individuals (Larose et al., 2013a, 2013b, 
2014; Stapleton et al., 2015; Kenny et al., 2017; McGinn et al., 2017; Notley et 
al., 2017). By definition, calorimetry is the measurement of heat energy and a 
calorimeter is a means of measuring heat emitted by a mass (Reardon et al., 
48 
 
2006; Jay & Kenny, 2007). The whole body Snellen direct air calorimeter used 
by Kenny and colleagues measures the rate of whole body evaporative and 
dry heat loss and can calculate heat storage directly (Reardon et al., 2006; 
Notley et al., 2017).  
 
Previous direct calorimetry studies have consistently shown that older 
individuals have a reduced evaporative heat loss capacity and consequently 
higher heat storage when compared to younger age groups (Larose et al., 
2013a, 2013b, 2014; Stapleton et al., 2015; Kenny et al., 2017; McGinn et al., 
2017; Notley et al., 2017). Furthermore, it has previously been observed that 
age-related impairments in heat loss capacity were evident at exercise 
induced heat loads as low as 400 W (Stapleton et al., 2015) and as early as 
the age of 40 yrs old (Larose et al., 2013a). However, as access to a direct 
calorimeter is limited, the data cannot be directly compared with the majority 
of thermoregulatory research using thermometry. This concern has been 
raised previously due to the commonly observed disparity between the two 
types of measurement (Jay & Kenny, 2007), whereby whole body heat loss 
and heat storage do not coincide with measures of sweat rate or Tcore in 
several studies (Larose et al., 2013a, 2013b, 2014; Stapleton et al., 2015; 
Notley et al., 2017). The authors of these studies have attributed this 
discrepancy to a delay in the response time of the thermometry measure, 
suggesting that rectal and oesophageal temperature may not be sensitive 
enough to show small changes in heat content, particularly with short duration 
exercise. Additionally, they refer to regional and individual differences to 
explain the disparity between evaporative heat loss and local sweat rates, 
ultimately concluding that the calorimetry measurement is more accurate. 
However, the calorimeter is limited to the aforementioned research group and 
therefore such inconsistencies cannot be elucidated by other researchers 
within the field. 
 
As well as the technique used to assess sweat rate/evaporative heat loss, the 
stimulus chosen to induce a sweating response also differs between studies. 
The majority of research with a focus on ageing typically utilises a passive 
heating protocol for practicality (Inoue et al., 1991, 1995; Inoue & Shibasaki, 
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1996; Dufour & Candas, 2007; Smith et al., 2013a), as this limits the potential 
confounding factors that may influence sweat rate (discussed in section 2.5). 
Data from these studies provide valuable input for a resting situation in which 
ambient temperature is high but this does not extend to a scenario whereby 
exercise and heat become a combined stressor. Hence, some studies have 
compared sweat rates between young and older individuals during exercise 
(Anderson & Kenney, 1987; Kenney & Anderson, 1988; Smolander et al., 
1990; Buono et al., 1991; Tankersley et al., 1991; Inoue et al., 1999a). The 
exercise in these studies was prescribed at an intensity relative to an 
individual’s VO2max and therefore has brought about some conflicting findings. 
Several studies conclude that it is physical fitness/habitual activity level that 
has more of an influence on sweat rate than ageing per se (Smolander et al., 
1990; Buono et al., 1991; Tankersley et al., 1991; Havenith et al., 1995), 
whereas others suggest a true age-related effect (Anderson & Kenney, 1987). 
However, as mentioned previously, according to Cramer & Jay (2014), 
selecting an intensity relative to an individual’s heat production (W.m-2) is the 
most appropriate way to compare independent groups to avoid systematic 
differences in Tcore and local sweat rate. Thus, future research should aim to 
elucidate the true age-related differences in sweat rate by employing an 
exercise intensity based on a fixed rate of heat production, similar to the work 
by Havenith et al., (1995). 
 
Despite the variety of different techniques used to stimulate a sweat response 
and to assess sweat rates, the mechanistic underpinning behind any potential 
age-related changes has been consistent throughout the literature. Reduced 
sweat output per gland is commonly reported as the primary cause of lower 
sweat rates in older individuals, rather than number of active sweat glands or 
sweat gland density (Kenney & Fowler, 1988; Inoue, 1996; Inoue & Shibasaki, 
1996; Inoue et al., 1999b; Kenney & Munce, 2003; Smith et al., 2013a). 
Illustrated in Figure 2.11, Inoue & Shibasaki, (1996) suggest that a diminished 
vasodilator response precedes a reduced sweat gland output which 
subsequently precedes a decline in active sweat gland density. 
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Core and Skin Temperature 
Significant exposure to whole body heat stress increases both Tcore and Tsk at 
a rate dependent upon the magnitude of the stimulus, regardless of age. 
However, as a result of a diminished ability to dissipate heat through an 
increase in SkBF and evaporative heat loss mechanisms, older individuals are 
more susceptible to hyperthermia (Kenney & Munce, 2003; Blatteis, 2012). 
Many studies have observed a greater increase in Tcore in older compared to 
younger individuals during both passive (Sagawa et al., 1988; Inoue et al., 
1991; Inoue & Shibasaki, 1996; Dufour & Candas, 2007; Smith et al., 2013a) 
and active heat stress (Anderson & Kenney, 1987; Kenney & Anderson, 1988; 
Inoue et al., 1999a). Although, this is not a universal finding as some studies 
have shown that age does not influence the Tcore response during heat 
exposure (Smolander et al., 1990; Tankersley et al., 1991; Meyer et al., 1992; 
Armstrong & Kenney, 1993; Havenith et al., 1995). Inconsistencies 
surrounding age-related differences in Tcore have also been observed in the 
previously mentioned body of work using direct calorimetry, in which older 
individuals have significantly higher heat storage than their younger 
counterparts, but similar Tcore values. This highlights the potential issues of 
using a variety of different measurement techniques. Furthermore, it may be 
that thermometry measurements do in fact underestimate the level of thermal 
strain and thus small age-related changes are not distinguishable (Larose et 
al., 2013a, 2013b, 2014; Stapleton et al., 2015; Notley et al., 2017). 
 
In hot conditions, Tsk is much more uniform across the body than it is during 
neutral or cold conditions (Werner & Reents, 1980; Werner, 2014) and 
therefore no consistent age-related differences have been observed within the 
literature. Some studies have shown no change in Tsk between age groups 
(Anderson & Kenney, 1987; Kenney & Anderson, 1988; Sagawa et al., 1988; 
Smolander et al., 1990; Tankersley et al., 1991; Armstrong & Kenney, 1993; 
Smith et al., 2013a), whereas others have observed either higher (Dufour & 
Candas, 2007) or lower values in older compared to young individuals (Inoue 
& Shibasaki, 1996). As the magnitude of the heat exposure has a direct 
influence on Tsk, the varying environmental temperatures used in each of 
these studies may explain the discrepancies. Hence, it is still currently not 
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know whether healthy ageing influences the magnitude or pattern of regional 
Tsk. Future studies may look to elucidate this by assessing whole body Tsk 
responses between young and older individuals before and after heat 
exposure. 
 
2.6.4. Thermal Sensitivity  
Initiation of each thermoregulatory response to cold and heat stress discussed 
above would not occur without the appropriate signals from cutaneous and 
core thermoreceptors, which inform the hypothalamus to initiate immediate 
defence mechanisms (Nakamura & Morrison, 2007; Romanovsky, 2007). 
Stimulation of TRP channels in the dermis and epidermis send signals via 
spinal pathways, which are transduced and subsequently sent to the 
thermoeffector organs. Ageing significantly alters the structure and function of 
the nervous system including the cutaneous thermoreceptors and as a result, 
age-related declines in thermal sensation occur, consequently influencing the 
way an individual behaviourally responds to their surrounding environment 
(Guergova & Dufour, 2011). Currently a review of the evidence to date 
suggests a decline in both warm and cold thermal sensitivity with advancing 
age (Guergova & Dufour, 2011; Blatteis, 2012), however due to the differing 
methodologies used within the literature, this evidence is equivocal and the 
mechanisms are not confirmed. The variety of body regions stimulated, the 
type of sensitivity testing technique and the magnitude of the stimulus greatly 
influence the thermal sensation experienced by an individual (Guergova & 
Dufour, 2011). 
 
In a seminal study on somesthetic sensitivity, the absolute detection 
thresholds of thermal (cold, warm and heat pain) and vibration in young and 
old individuals were investigated at two body sites (Kenshalo, 1986). It was 
observed that ageing did not influence heat pain or cold sensation but 
sensitivity to warmth in the foot was significantly decreased in the older age 
group. This was also one of the first studies to identify regional differences in 
thermal sensitivity over the body as no differences were observed at the hand 
region. Research in this area progressed with many studies utilising the 
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method of limits technique (Lautenbacher & Strian, 1991a, 1991b; Heft et al., 
1996; Lautenbacher et al., 2005; Dufour & Candas, 2007; Seah & Griffin, 
2008; Heft & Robinson, 2010; Huang et al., 2010; Tochihara et al., 2011; 
Inoue et al., 2016) to assess thermal sensitivity, which involved individuals 
identifying when they detected a temperature change. Two studies by the 
same research group, using the method of limits, assessed the thermal 
sensitivity to cold and warm stimuli on the hands (Lautenbacher & Strian, 
1991b; Lautenbacher et al., 2005) and feet (Lautenbacher & Strian, 1991b) of 
individuals aged 17-63 yrs old. Consistently reduced sensations were 
observed in the feet compared to the hand, which may be due to the 
vulnerability of longer nerve fibres travelling to the feet and this reduction was 
exacerbated with increasing age, as early as the fourth decade (Lautenbacher 
& Strian, 1991b). Moreover, a greater reduction in the sensitivity to warmth 
was found compared to cold and this may be a consequence of the location of 
both cold and warm thermoreceptors as warm receptors lie deeper in contrast 
to the superficial location of cold receptors (Lautenbacher & Strian, 1991b; 
Lautenbacher et al., 2005; Guergova & Dufour, 2011).  
 
In support of the aforementioned findings (Lautenbacher & Strian, 1991b; 
Lautenbacher et al., 2005), two recent studies confirmed a deteriorating 
thermal sensitivity with age, this time at a greater number of body regions 
(Tochihara et al., 2011; Inoue et al., 2016). Tochihara et al., (2011) observed 
higher cutaneous warm thresholds for the hand, shin and foot in the older age 
group (~68 yrs old) but no differences in the other six regions assessed, 
suggesting a non-uniform decline with age. Interestingly, Inoue et al., (2016) 
found the forehead to be the most sensitive body region to a change in 
temperature and that the age-related (young: 20-25 yrs Vs older: 60-70 yrs) 
decline observed at other body regions (chest, back, forearm, hand, thigh, calf 
and foot), was not evident at the forehead. The preservation of forehead 
sensitivity may be to ensure the maintenance of behavioural thermoregulation 
over the life span; however it is currently unclear whether this is a protective 
mechanism or evolutionary adaptation given that the face region is mostly 
uncovered in everyday situations (Inoue et al., 2016). In addition, they suggest 
that the age-related declines observed in thermal sensitivity (Inoue et al., 
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2016) mimic the previously noted decrement pattern in heat loss effector 
function (as shown in Figure 2.11), in which decrements proceed from the 
lower limbs, to the posterior torso, anterior torso, upper limbs and then the 
head (Inoue et al., 2004). The potential association between heat loss effector 
function and thermal sensitivity may be an avenue for future research, 
however currently this is merely just an observational comment.  
 
Despite the many consistent findings that suggest an age-related effect on 
thermal sensitivity, other studies have failed to find any significant differences 
between age groups. A large study (n = 225 aged 18-80 yrs old) assessing the 
sensitivity to cold and warmth at four body regions found no consistent 
evidence for higher sensitivity thresholds in older individuals, suggesting a 
high inter-individual variability in sensitivity thresholds determined by the 
method of limits technique (Hilz et al., 1999). Furthermore, a more recent 
study by Seah and Griffin (2008), using two different sized contact probes and 
the method of limits technique, did not find age-related differences in the body 
regions assessed (hand and forearm) between young (20-30 yrs) and older 
(55-65 yrs) individuals. These inconsistencies may be related to the different 
methodologies (probe type/size/temperature, environmental conditions, age 
ranges) utilised in this field of work which again highlights the need for 
consistency within the literature and a more extensive evaluation of age-
related differences. 
 
A limitation of using the method of limits technique is that it only gives an 
indication of an individual’s threshold for perceiving a temperature change 
rather than the intensity of the stimulus. Hence, information on the degree of 
sensation (intensity rating) that an individual experiences is currently limited. 
Furthermore, threshold detection relies on the reaction time of the individual 
and this is an important factor to consider, particularly when comparing 
thermal sensitivity between different population groups (Guergova & Dufour, 
2011). As such, this issue has been raised when comparing young and older 
age groups, as any potential delay in reaction time with advancing age, may 
exaggerate any age-related differences in sensitivity (a delayed response 
could be mistaken for an increased thermal threshold). Thus, the conclusions 
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from the ageing studies using the method of limits, should be interpreted with 
care (Dufour & Candas, 2007; Guergova & Dufour, 2011). In light of this 
potential confounding factor, some studies have incorporated a reaction time 
test into their protocol to ensure the results that they observed were true age 
effects (Dufour & Candas, 2007; Huang et al., 2010). Although Huang et al., 
(2010) observed an increase in reaction time with advancing age, they 
concluded that this increase was insufficient to solely explain the age-related 
changes in thermal thresholds. 
 
Magnitude estimation allows individuals to rate the intensity of a given 
temperature stimulus and can be assessed for transient and steady state 
exposures without relying on reaction time (Gerrett et al., 2014). Very few 
ageing studies have utilised this technique to assess thermal sensitivity, with 
the majority of research centred around young individuals (Stevens et al., 
1974; Nakamura et al., 2008; Ouzzahra et al., 2012; Gerrett et al., 2014). 
However, the ageing studies that have implemented intensity rating also 
concur with the previously observed declines in thermal sensitivity, with older 
individuals reporting lower ratings of intensity for warm and cold stimuli at a 
select few body regions (Harju, 2002; Heft & Robinson, 2014). Interestingly, 
Harju (2002) compared the method of limits and intensity rating techniques on 
the same participants and observed discrepancies in their findings between 
the two. In their discussion it was concluded that some age-related differences 
in sensitivity are not revealed at threshold and therefore by solely using the 
method of limits technique, only sparse information is provided (Harju, 2002). 
Hence more research is required in this area using magnitude estimation or a 
combination of both techniques to increase the reliability of the results.  
 
To summarise the age-related thermal sensitivity literature, regardless of the 
technique used, the most consistent finding is a significant decline in foot 
sensitivity thresholds with advancing age (Bertelsmann et al., 1985; Kenshalo, 
1986; Doeland et al., 1989; Lautenbacher & Strian, 1991b; Meh & Denislic, 
1994; Bartlett et al., 1998; Stevens & Choo, 1998; Lin et al., 2005; Dufour & 
Candas, 2007; Huang et al., 2010; Inoue et al., 2016). Furthermore, it seems 
that sensitivity to warmth deteriorates before cold sensation (Fowler et al., 
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1987; Lautenbacher & Strian, 1991b; Stevens & Choo, 1998) and that older 
females are more sensitive than older males (Inoue et al., 2016). The majority 
of research focuses on assessing one or two body regions, with the most 
regions covered by Inoue et al., (2016) with eight and Stevens & Choo, (1998) 
with 13. This highlights the need for further research to assess age-related 
differences in thermal sensitivity to warm and cold stimuli over the entire body 
surface, similar to the body mapping approach utilised for young males and 
females (Gerrett et al., 2014). There is also a need to standardise other 
confounding variables such as pressure of application and limiting the 
influence of reaction time. 
 
2.6.5. Thermal Comfort 
Some research in this area has also focused on the thermal comfort and 
thermal preference of older individuals in behavioural thermoregulatory 
studies. It is generally suggested that older individuals prefer higher ambient 
temperatures for comfort than younger, more active individuals (Parsons, 
2014). However, a study by Collins & Hoinville, (1980) compared (corrected 
for clothing level: 1.0 clo) comfort ratings between young (18-39 yrs) and older 
(68-87 yrs) age groups and found that both populations preferred an ambient 
temperature of 21.1°C for comfort when resting for approximately 2 h. 
Similarly, another study by Collins confirmed that both population groups 
preferred the same mean comfort temperature of 22-23°C with a slightly lower 
clo level (0.8) (Collins et al., 1981).  
 
Further research was conducted in this area, allowing the participants to 
select their preferred climate, and age-dependent differences were observed 
in a number of studies as older individuals tended to manipulate the ambient 
temperature much less than the younger groups (Collins et al., 1981; Natsume 
et al., 1992; Taylor et al., 1995). Poor reproducibility of preferred ambient 
temperature was also a common trait in the older population (Natsume et al., 
1992) and it has been reported that a more intense thermal stimulus is 
required before eliciting the appropriate behavioural response (i.e. changing 
the temperature of the room) (Taylor et al., 1995). In addition, a very recent 
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study compared physiological and perceptual responses of older individuals (~ 
70 yrs old) working at different exercise intensities and environmental 
temperatures (simulating daily living activities in the UK) and found an 
increase in thermal strain without a concurrent perceptual recognition (no 
change in thermal comfort) (Waldock et al., 2018). These findings support the 
notion that older individuals are less sensitive to thermal stimuli than their 
younger counterparts which highlights their vulnerability. Delays in sensation 
and behavioural adjustments may increase the risk of heat and cold induced 
illnesses in older individuals, which is a growing concern with the current rate 
of climate change.  
 
2.7. Implications of Ageing 
2.7.1. Healthy Ageing 
As discussed in detail above, the implications of the natural ageing process 
can be extremely detrimental to the health and wellbeing of older individuals, 
particularly during extreme weather events (Balmain et al., 2018). An impaired 
defence against a rise or a decline in Tcore can lead to illness, injury and in 
some cases mortality if the appropriate treatment and recovery are not 
implemented immediately.  
 
During exposure to cold stress, a decreased ability to constrict blood vessels 
and shift blood towards the core to preserve heat means older individuals cool 
down at a faster rate. Furthermore, the onset of sarcopenia dampens the 
potential for heat production through shivering. A decline in these autonomic 
responses coupled with a reduced thermal sensitivity to cold and thus limited 
scope for behavioural adjustment, puts older individuals at an increased risk of 
hypothermia. An applied example of this is in the winter months when extreme 
cold spells are more common, an older individual may not increase the 
thermostat in their home or add appropriate levels of clothing to maintain a 
stable Tcore. Moreover, due to a habitual reduction in physical activity, older 
individuals are typically more sedentary, which again increases the likelihood 
of spontaneous or ‘accidental hypothermia’ (Collins et al., 1977).  
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When outdoor temperature drops below 18°C, daily mortality increases 
progressively (Keatinge, 2002) and cold weather causes thousands of excess 
deaths annually, in the UK alone (Paavola, 2017). Statistics demonstrate that 
individuals over the age of 65 yrs old account for over half of all cold-related 
deaths each year, which highlights the dangers and implications of age-
related alterations in thermoregulation (Curriero et al., 2002; Hajat et al., 2007; 
Holowatz et al., 2010). Although a large proportion of cold-induced mortality 
results from other underlying diseases such as respiratory disease and 
thrombosis, the impaired ability to defend against cold exposure is the main 
trigger (Paavola, 2017). 
  
In hot conditions, an impaired ability to dissipate heat through an increase in 
SkBF and sweat evaporation, amplifies the risk of overheating in older 
individuals. A rise in Tcore coupled with poor behavioural thermoregulation 
increases the likelihood of heat-related illness and injury (Daanen et al., 2011; 
Waldock et al., 2018), which may be exacerbated by common interventions 
such as fan use (Ravanelli & Jay, 2016). Furthermore, during exercise heat 
stress, the risk becomes greater due to the influence of increased metabolic 
heat production. For example, a motivated older individual exercising on a hot, 
sunny day may not realise or sense the extent of their heat strain and will 
consequently become hyperthermic if they continue (Waldock et al., 2018). Or 
a sedentary individual in their home with too many layers of clothing on may 
overheat during a heat wave (Daanen et al., 2011).  
 
Similar to cold-induced deaths, mortality rates rapidly rise during heat waves. 
Climate change and global warming is expected to increase the annual 
average temperature by 2-5°C in the UK and increase the likelihood of 
extreme heat waves (Paavola, 2017). The 2003 European heat wave resulted 
in an 11°C rise in seasonal average ambient temperature and as a 
consequence 15,000 excess deaths occurred in France alone and 
approximately 70,000 excess across the whole of Europe (Fouillet et al., 2006; 
Kenney et al., 2014). Specifically, mortality rates in individuals over 75 years 
old were 1.7 times higher than usual, whereas no change was noted in those 
aged below 35 years (Shibasaki et al., 2013). Impaired thermoregulation in the 
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heat is a real threat and mortality rates under these circumstances may 
become critical in the foreseeable future. Several other factors also 
exacerbate the vulnerability of the older population including isolation, 
medication, mobility and the lack of awareness and preparedness of health 
care staff during heat waves (Paavola, 2017). 
 
As the world is rapidly ageing and the occurrence of heat waves and cold 
spells are becoming more prevalent, it is vital that clear and easily accessible 
data is provided on the true age-related changes in thermoregulatory 
responses. More extensive research in this area would increase preparedness 
and awareness of how older individuals may cope with the ever changing 
climate and increased occurrence of extreme weather. It would also aid public 
health guidance and potentially influence thermoregulatory safety guidelines 
for older individuals at work, home and in health care (Cheshire, 2016). Lastly, 
whole body data outlining age-related changes in thermal sensitivity, sweating 
and Tsk can be utilised for design purposes such as clothing and 
heating/cooling systems tailored to individual needs and age specific thermal 
manikin work/modelling (Smith & Havenith, 2012; Gerrett et al., 2014). 
 
2.7.2. Ageing and Disease 
The majority of this literature review is focused on healthy ageing in the 
absence of overt disease. Although an in depth discussion on different 
disease states is beyond the scope of this review, it is worth noting that some 
specific diseases that commonly occur as a result of advancing age, have 
been shown to impact thermoregulatory responses (Kenny et al., 2010; 
Cheshire, 2016). 
 
Diabetes mellitus is a serious chronic disease that occurs when the body 
cannot regulate blood glucose levels and over time this may result in damage 
to the heart, blood vessels, kidneys and nerves. Over 400 million people 
currently live with the condition, with type 2 diabetes more prevalent in the 
older population (World Health Organization, 2016). There are several 
complications that arise from having diabetes, including both peripheral 
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neuropathy and peripheral vascular disease (Bharara et al., 2006; Cheshire, 
2016) which can lead to amputation and in extreme cases, mortality. Several 
studies have investigated the influence of diabetic peripheral neuropathy on 
thermal sensitivity of the extremities in which a common finding is an 
increased thermal threshold when compared to healthy controls (Bertelsmann 
et al., 1985; Levy et al., 1989; Liniger et al., 1991; Gelber et al., 1995). 
Furthermore, diabetes is associated with an impairment in reflex and local 
control of SkBF during both cold and heat stress (Holowatz et al., 2010). Thus, 
it could be suggested that the nerve damage associated with diabetes may 
exacerbate the age-related decline in thermal sensitivity, consequently 
predisposing ageing diabetics to thermal related illness or injury (Kenny et al., 
2010, 2016). 
 
Another condition that may also influence human thermoregulatory responses 
is a vascular disorder referred to as Raynaud’s phenomenon. Individuals with 
Raynaud’s experience a painful response to acute cold exposure as the 
cutaneous vessels, specifically in the fingers and toes, undergo sudden 
constriction or ‘vasospasm’ (Holowatz et al., 2010). Although it is known that 
cold sensitivity of the blood vessels is increased in those with the disorder, the 
exact mechanism underpinning this phenomenon is unclear. Furthermore, 
despite being more prevalent in women, advancing age is a risk factor for the 
onset of Raynaud’s in men (Holowatz et al., 2010). 
 
Cardiovascular disease comprises both heart and circulatory disorders and 
age is an independent risk factor for its onset and development (Kenny et al., 
2010; Dhingra & Vasan, 2012). During exposure to hot environmental 
conditions, individuals with cardiac dysfunction have an impaired ability to 
increase their cardiac output in order to increase SkBF for effective heat 
dissipation (Kenny et al., 2010). The same is also true for healthy older 
individuals as discussed earlier and illustrated in Figure 2.10 (Minson et al., 
1998; Kenney et al., 2014). In the 2003 European heat wave there was a 30% 
rise (in comparison to average) in mortality rates in those with cardiovascular 
disease (Hoffmann et al., 2008) and over 90% of excess deaths occurred in 
older individuals (Fouillet et al., 2006; Kenney et al., 2014). Long term 
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exposure to such high heat stress will increase the demand on the heart and 
internal organs and ultimately put older individuals at risk of heat illness or a 
cardiac event (Kenny et al., 2010). Schlader et al., (2017) assessed 
differences in behavioural thermoregulation between healthy, young 
individuals and an older ‘at risk’ population group with cardiovascular co-
morbidities. They observed that despite appropriate utilisation of thermal 
behaviour, which was similar to the young group, this did not protect the ‘at 
risk’ population from thermally induced hemodynamic alterations that may 
challenge cardiovascular function. 
 
After a brief summary of the available literature, it is clear that individuals over 
the age of 60 yrs old, with overt diseases including diabetes and 
cardiovascular disease, are at an increased risk of heat and cold-related 
illness during adverse weather events. However, due to safety and ethical 
considerations, much of the research is conducted on healthy older adults 
(Kenny et al., 2010). Future research should be undertaken on individuals with 
chronic diseases to increase the awareness of the associated risks during 
exposure to differing environmental conditions, where possible (Jaul & Barron, 
2017; Schlader et al., 2017; Balmain et al., 2018). 
 
2.8. Conclusions 
After reviewing the current literature addressing the regional and age-related 
differences in thermoregulatory responses to cold and heat stress, the 
following conclusions can be drawn: 
 
 Healthy, young individuals regulate body temperature within a narrow range 
around 37°C to maintain a thermal balance for optimal function and survival.  
 
 The natural ageing process is associated with an increased risk of both 
hypothermia and hyperthermia consequently leading to increased mortality 
during extreme weather conditions due to the decline in thermoregulatory 
mechanisms in response to both heat and cold stress. 
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 In the cold, older individuals have a decreased ability to vasoconstrict and 
therefore have more difficultly preserving a stable Tcore, as heat is lost via 
convection and conduction. Moreover, the occurrence of sarcopenia reduces 
heat production from shivering, further reducing the risk of hypothermia. 
 
 In the heat, older individuals have a decreased vasodilator response and thus 
less heat is lost to the environment. In addition, there is also a decrease in 
sweat gland function as sweat rate declines with age, further impairing heat 
loss capacity. 
 
 Behavioural thermoregulation is also influenced with advancing age, as older 
individuals are suggested to be less sensitive to hot and cold stimuli, with 
higher temperature thresholds compared to young individuals. Consequently, 
this limits the scope for behavioural adjustments which plays an important role 
during extreme environmental stress. 
 
 Advancing age is a risk factor for the onset and development of specific 
diseases such as diabetes and cardiovascular disease, which may exacerbate 
the impairments in thermoregulatory responses in older individuals. 
 
 Currently there is a lack of data within the literature focusing on whole body 
thermoregulatory responses, with most studies focusing on a select few body 
regions. A body mapping approach to thermoregulatory ageing research may 
provide more detailed information on the response of older individuals to both 
cold and heat stress. This approach provides a visual representation of the 
findings whereby comparisons between different populations, conditions or 
time points can be made accessible and applicable to different target 
groups/fields. 
 
 Future research should aim to control for various confounding factors that 
influence these thermal responses such as anthropometric characteristics, 
fitness level and acclimation status. This may be achieved by matching 
62 
 
individuals for body morphology and/or prescribing exercise intensity at a fixed 
rate of heat production. 
 
 Due to the severe impact of cold spells and heat waves, combined with the 
rapidly growing population of older individuals, this area of research is 
becoming increasingly relevant. There is a need for in depth whole body data 
assessing the influence of age on thermoregulatory responses which will be 
used to increase awareness, public health guidance and safety guidelines for 
older individuals. Furthermore, this data would be utilised for design of 
clothing and heating and cooling systems which can be tailored for individual 
needs. And lastly, for updating thermal models and for the design of thermal 
manikins in relation to ageing. 
 
2.9. Research Questions 
After an in depth review of the current literature in this area, the following 
research questions have been developed: 
 
1. To what extent does body location, initial Tsk, environmental 
temperature and age influence thermal sensitivity to warm and cold 
stimuli in young and older individuals? 
 
2. Are there age-related differences in sweat rate and sweat distribution 
over the body and does this change from rest to exercise? 
 
3. Are there age-related differences in Tsk distribution over the body and 
does this distribution pattern change when exposed to different 
environmental conditions? 
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CHAPTER 3: Laboratory Study 1 
 
A Methodological Comparison of Thermal Sensitivity 
Testing using Magnitude Estimation 
 
 
3.1. Chapter Summary 
The aim of this study was to investigate the influence of regional skin 
temperature (Tsk) differences on both the magnitude and distribution pattern of 
thermal sensitivity to warm and cold stimuli. This was investigated by 
comparing a fixed temperature stimulus (20°C for cold and 40°C for warm - 
typical magnitude estimation) and a relative temperature stimulus (adding 7°C 
to or subtracting 10°C away from initial Tsk) at 33 body regions, in young 
males (18-30 yrs). The experimental protocol was conducted in a 
thermoneutral environment (25°C/40%RH) with participants lying in a supine 
position wearing a pair of standardised shorts and socks. The pressure 
controlled thermal probe was applied to the skin for 10 s and participants rated 
their sensation on a subjective scale immediately on contact and after 10 s of 
contact. The main finding was that regional variation in thermal sensitivity still 
exists and is of similar magnitude when applying a stimulus relative to Tsk. 
Furthermore, there were differences in magnitude in both WARM and COLD 
sensitivity between the fixed and relative temperature stimuli at only a very 
small number of body regions. Whole body thermal sensation and comfort and 
mean Tsk were similar between groups. It may be concluded that initial 
regional differences in Tsk over the body do not seem to largely influence 
thermal sensitivity when using the magnitude estimation method. It could 
therefore be proposed that using either method for thermal sensitivity testing 
would be appropriate to assess regional differences. 
 
3.2. Introduction 
Humans rely on the innate ability to detect temperature changes in the 
surrounding environment in order to initiate an appropriate response or 
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behaviour, and this is referred to as thermal sensitivity (Hensel, 1973a). As 
one of the primary sensory modalities of the skin, thermal sensitivity serves 
several purposes including providing thermoregulatory signals for homeostatic 
mechanisms, detecting potentially threatening noxious thermal stimuli and 
aiding in the discrimination between objects via touch (Schepers & Ringkamp, 
2010).  
 
Peripheral and central thermoreceptors distributed over the body can detect a 
wide range of temperatures from cold to hot. Thermoreceptors are free nerve 
endings, which are categorised into cold and warm receptors depending on 
their response to thermal stimuli (Hensel, 1974; Nakamura, 2011). The firing 
rates of these receptors depend upon the direction and magnitude of the 
temperature change and this influences the thermal sensation experienced 
(Hensel, 1974). The discovery of the Transient Receptor Potential (TRP) ion 
channels has transformed the understanding of how humans sense 
temperature (Reid, 2005). The TRP channels are a family of ion channels, 
which are each activated at different temperature ranges from noxious cold to 
noxious heat (0-50°C) (Romanovsky, 2007). Specifically, TRPM8 is 
associated with innocuous cold temperatures (moderate cooling) whereas 
innocuous warm temperatures activate TRPV3 and TRPV4 (Romanovsky, 
2007). 
 
The varied location, distribution and density of thermoreceptors over the body 
results in regional differences in thermal sensitivity to warm and cold (Hensel, 
1973b; Nakamura et al., 2008; Ouzzahra et al., 2012; Gerrett et al., 2014, 
2015). These regional differences have been investigated in depth, with 
several types of thermal stimuli and methodologies. The two most common 
techniques used in the literature to assess thermal sensitivity are threshold 
detection, also known as ‘method of limits’, and magnitude estimation 
(Ouzzahra, 2012; Gerrett et al., 2014, 2017). The former requires participants 
to respond once they perceive a temperature change (providing a thermal 
sensitivity threshold threshold) after an increase or decrease in baseline 
temperature. The latter requires participants to rate the intensity of a 
temperature fixed stimulus after application to the skin (providing a thermal 
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magnitude). Both of these methods can determine sensitivity over the body, 
however they produce very different findings and thus it is important to 
distinguish between techniques when comparing results (Harju, 2002). Using 
the method of limits, previous studies have found the forehead to be the most 
sensitive body region to a rate of temperature change (cold and warm) in 
males (Lee et al., 2010a; Inoue et al., 2016). However, magnitude estimation 
studies observed males to have the highest magnitude ratings at the torso, 
specifically showing higher sensitivity to warmth at the centre of the back 
(Gerrett et al., 2014) and cold at the lateral torso (Ouzzahra et al., 2012).  
 
Magnitude estimation provides more information on the actual intensity of the 
stimulus perceived by an individual and is not affected by reaction time as with 
the method of limits technique (Harju, 2002). This is an important factor to 
consider, particularly when comparing thermal sensitivity between different 
population groups (Guergova & Dufour, 2011). As such, this issue has been 
raised when comparing young and older age groups, as any potential delay in 
reaction time with advancing age, may exaggerate any age-related differences 
in sensitivity (a delayed response could be mistaken for an increased thermal 
threshold). Thus, the conclusions from these reaction time inclusive studies 
(including method of limits), should be interpreted with care (Dufour & Candas, 
2007; Guergova & Dufour, 2011). Furthermore, it has been proposed that the 
surface area exposed to the stimulus, time duration, initial Tsk and pressure of 
the stimulus can each independently alter the sensation experienced by an 
individual (Hensel, 1974; Weber et al., 1996; Filingeri et al., 2014b; Gerrett et 
al., 2017). Hence previous studies have preferred the use of the method of 
limits technique, whereby the temperature of the thermal stimulator, which is 
already in contact with the skin, is increased/decreased from a set baseline. 
This therefore reduces the potential confounding influence of Tsk and contact 
pressure on thermal sensitivity.  
 
Previous magnitude estimation studies (Ouzzahra et al., 2012; Gerrett et al., 
2014, 2015) have not clamped Tsk prior to stimulus application, and have 
therefore reported only steady state (response after 10 s of probe application) 
and not transient (immediate response) data to elude the Tsk variation issue 
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(Gerrett 2014, 2015, Ouzzahra 2012). The extent to which the regional Tsk 
variation pattern (Fournet et al., 2013) affects the way we perceive stimuli of 
fixed temperatures is currently unknown. 
 
Therefore, the purpose of this study was to investigate the influence of 
regional Tsk differences on both the magnitude and distribution pattern of 
thermal sensitivity to warm and cold. This was investigated by comparing a 
fixed temperature stimulus (20°C for cold and 40°C for warm - typical 
magnitude estimation) and a relative temperature stimulus (adding 7°C to or 
subtracting 10°C away from initial Tsk) at 33 body regions, in young males. It 
was hypothesised that applying a relative temperature stimulus would reduce 
the previously observed regional differences in thermal sensitivity (Ouzzahra 
et al., 2012; Gerrett et al., 2014, 2015), when compared to a fixed temperature 
stimulus, as it standardises the stimulus magnitude for regional Tsk 
differences. 
 
3.3. Methodology 
3.3.1. Participants 
Twenty-three young, healthy, white Western European male participants were 
recruited for the study and randomly split into two groups: fixed temperature 
stimulus (FIX, n = 13) and relative temperature stimulus (REL, n = 10). All 
participants were free from illness and injury at the time of the study and were 
not taking any medication. The selection criteria included only white Western 
European individuals due to the possible differences in thermal sensitivity and 
subjective scale translation between ethnicities (Havenith et al., 2017). 
Participant characteristics are displayed in table 3.4. 
 
Prior to taking part, participants were provided with detailed information about 
the study (example provide in Appendix D) and subsequently gave their 
written informed consent (Appendix A). Additionally, all participants were 
required to complete a health-screen questionnaire (Appendix B) and were 
excluded from the study if they failed to meet the required health standards. 
Due to the nature of the study, only participants that were non-smokers and 
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had no history of diabetes, cardiovascular disease, skin conditions or 
neuromuscular disorders were recruited. Furthermore, each participant 
provided details about their lifestyle, including previous job titles, sun 
exposure, sensitivity to warm and cold and past/current medication (if 
applicable).  
 
All protocols and procedures involved in the study were approved by the 
Loughborough University Ethics Committee and are in line with the World 
Medical Association Declaration of Helsinki for medical research using human 
participants. This particular study was approved under a generic ethical 
protocol: G10-P10 ‘Regional sensitivity to a cold and warm stimulus over the 
body surface’. 
 
3.3.2. Experimental Design 
The aim of the experiment was to compare two different techniques (FIX and 
REL) to assess sensitivity to a warm and cold stimulus between regions over 
the body. To achieve these aims, the study followed a balanced, independent 
group design, whereby two separate experimenters conducted the testing of 
the two groups (one experimenter for FIX and the other, trained and 
supervised by the first, for REL). This was due to the FIX group being part of 
another laboratory study (detailed in Chapter 4).  
 
Participants of each group attended the laboratory on three separate 
occasions including a familiarisation session (visit 1), a WARM trial (visit 2) 
and a COLD trial (visit 3). The two experimental trials were completed in a 
balanced order after the familiarisation session. All three sessions were 
completed at the same time of day for each participant to minimise the 
influence of circadian rhythm. However, in each group a variety of morning 
and afternoon sessions were performed to maintain external validity (i.e. 5 
participants in the morning and 5 in the afternoon). All sessions were 
conducted in the Environmental Ergonomics Research Centre at 
Loughborough University in a climate-controlled laboratory (25°C and 40% 
relative humidity). 
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3.3.3. Pre-experimental Session 
All participants attended a pre-experimental session prior to the main 
experimental trials to collect anthropometric data and to familiarise them with 
the experimental protocol. On arrival at the laboratory, measures of 
participant’s height in cm (Stadiometer), body mass in kg (Metter Toledo 
kcc150, Metter Toledo, Leicester, UK, Resolution 1g) and body fat percentage 
via bio-electrical impedance (Body composition analyser, Tanita, MC-780MA) 
were recorded.  
 
Once all required measurements were taken, participants were familiarised 
with the protocol and subjective scales to ensure there was no learning effect 
within the main trials. A step-by-step overview of the protocol order was 
explained to each participant and they were able to ask any questions. They 
were then introduced to the subjective scales (detailed in section 3.3.5) and 
instructed on how to interpret them to rate their thermal sensation and 
comfort. Several body regions (forehead, chest, bicep and quadriceps) were 
stimulated with the thermal probe (described in section 3.3.4) to enable 
participants to practice rating their thermal sensation and to provide them with 
reference temperatures (10, 20, 33, 40 and 44°C).  
 
3.3.4. Experimental Protocol 
The two experimental trials (WARM and COLD) were performed in a balanced 
order within a climate controlled laboratory (T.I.S.S. Peak Performance, Series 
2009 Climate Chambers), set at 25°C/40% RH. On arrival at the laboratory 
participants changed into a pair of standardised shorts and Tsk sensors 
(iButtons) were attached to eight skin sites. The sensors were secured on the 
right hand side of the body using 3M™ Transpore™ surgical tape (3M United, 
UK), to enable a continuous measurement of local Tsk. Markings were then 
made on the body using a washable pen to highlight the 33 body sites to be 
stimulated (Figure 3.1 and Table 3.1).  
 
Once fully equipped, participants then mounted a medical bed and remained 
in a supine position for 20 min to allow physiological and subjective responses 
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to stabilise. During this rest period, participants were again familiarised with 
the subjective scales and allowed to practice rating their sensations to warm 
and cold stimuli over several body regions. 
 
 
 
  
 
 
Figure 3.1. Locations of the 33 body sites stimulated with the thermal probe 
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Table 3.1. Body region key detailing the 33 sites stimulated with the thermal probe. 
 
  
No. Body region Location description 
1 Forehead Halfway between bridge of nose and hairline 
2 Cheek Halfway between lateral nostril and ear 
3 Anterior neck Halfway between Adams apple and C7 vertebrae  
4 Medial chest Halfway between sternum and nipple 
5 Lateral chest Lateral to nipple and horizontal to lateral abdomen 
6 Medial torso Halfway between the umbilicus and bottom of 
sternum – in line with medial abdomen 
7 Lateral torso Vertical from lateral abdomen and horizontal from 
medial torso 
8 Medial abdomen 3cm lateral and 1cm below umbilicus 
9 Lateral abdomen Horizontal to medial abdomen and superior to iliac 
spine 
10 Midaxillary Vertical from mid axillar and horizontal from bottom of 
sternum 
11 Suprailiac Above anterior superior iliac spine on the most lateral 
aspect 
12 Posterior neck Above C7 vertebrae  
13 Upper medial back In line with medial chest and 3cm lateral of vertebrae  
14 Upper lateral back On the scapula lateral to upper medial back 
15 Mid medial back In line with medical torso and 3cm lateral of vertebrae 
16 Mid lateral back In line with lateral torso and vertical from lower lateral 
back 
17 Lower medial back Horizontal from lower lateral back and 3cm from 
vertebrae 
18 Lower lateral back Superior to iliac crest 
19 Bicep Halfway between acromion process and olecranon 
process of ulna 
20 Triceps  Posterior to bicep 
21 Anterior forearm Halfway between each process of the ulna 
22 Posterior forearm Posterior of anterior forearm 
23 Palm of hand Middle of palm 
24 Back of hand Middle of hand 
25 Quadriceps Halfway between anterior superior iliac spine to top 
edge of patella 
26 Knee Proximal edge of patella 
27 Lateral gastrocnemius  Halfway between the top of tibia to bottom of fibula 
28 Hamstring The same distance as the quadriceps but on the 
posterior aspect of the leg 
29 Posterior knee Distal edge of the patella on the posterior knee 
30 Posterior 
gastrocnemius 
The same distance as the lateral gastrocnemius but 
on the posterior aspect of the leg 
31 Medial gastrocnemius The same distance as the lateral gastrocnemius but 
on the medial aspect of the leg 
32 Top of foot Middle of foot 
33 Sole of foot Middle of sole 
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After the stabilisation period, the thermal sensitivity of each region was 
assessed while participants remained in a supine position. Each of the 33 
regions was subject to the following sequence: measurement of local Tsk using 
an infrared thermometer (FLUKE 566 IR Thermometer, Fluke Corporation, 
USA), followed by probe application for 10 s after a 3, 2, 1 verbal countdown. 
The thermal probe (NTE-2, Physitemp Instruments, Inc., USA) consisted of a 
25 cm2 metal surface with a capacity to cool and heat within a range of 0-50°C 
(Figure 3.2).  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.2. The thermal probe control system set at 40°C 
with thermal probe (metal block) pictured on the left hand 
side. 
 
 
The FIX group were exposed to a fixed temperature stimulus and the REL to a 
temperature stimulus relative to Tsk. Application temperatures were as follows: 
FIX = 40°C and 20°C on all body regions and REL = local Tsk+7°C and local 
Tsk-10°C for WARM and COLD trials respectively (Table 3.2 for details). 
These temperatures were chosen based on extensive pilot work and to ensure 
that the warm and cold stimuli were innocuous (<45°C and >15°C, 
respectively) and not stimulating the pain receptors (noxious stimuli), leading 
to an asymmetric stimulus pattern. See Chapter 2, section 2.4.1 for discussion 
on firing rates of thermoreceptors and pain thresholds. 
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Table 3.2. Thermal probe stimulus temperature in the FIX and REL groups. 
*Significantly different from the FIX group. 
 
 
Participants verbally communicated ratings of thermal sensation immediately 
before (pre thermal sensation), immediately after probe application (transient 
thermal sensation: TTS) and then 10 s after probe application (steady state 
thermal sensation: SSTS). This process was repeated for each body region. 
The order of stimulus application was pseudo-balanced to ensure that regions 
within the same body segment (head, torso, arms or legs) were not stimulated 
consecutively. Once all 33 regions had been stimulated, participants were 
allowed a 10 min break before the process was repeated, in order to obtain 
two sets of sensitivity ratings for each region. The two subjective scales used 
in the present study were thermal sensation (50 to -50 scale) and thermal 
comfort (7 point scale). In line with previous work (Stevens, 1979; Ouzzahra et 
al., 2012; Gerrett et al., 2014), participants were asked to give verbal ratings 
for whole body (both scales) and individual regions (thermal sensation only) 
using the scales, at the specific moment in time they were asked. They were 
instructed not to recall their previous sensation/ratings or to think about how 
sensations may differ over the body.  
 
Whole body thermal sensation and comfort were recorded every 15 min 
during the trial to ensure that the temperature of the room was perceived as 
thermally neutral and comfortable for each participant. A subjective rating of 
mental alertness was also recorded using a 0 to 10 scale (more detail 
provided in section 3.3.5). Alongside these subjective measures, the 
temperature and humidity of the room was also recorded through the trials 
(Testo 435-2 with integrated hot wire probe, Testo Ltd, Alton, Hampshire, UK). 
 
Group Temperature Mean (°C) Temperature Range (°C) 
 WARM COLD WARM COLD 
FIX 40.0 ± 0 20.0 ± 0 - - 
REL 40.5 ± 0.5 23.4 ± 0.4* 35.3-42.3 18.6-24.8 
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3.3.5. Measurements 
Skin Temperature 
Local Tsk of each body region was measured prior to stimulus application 
using a single spot infrared thermometer (FLUKE 566, IR Thermometer, Fluke 
Corporation, USA), with a temperature range of -40 to 800°C, a resolution of 
0.1°C and an intrinsic accuracy of ± 1°C. The infrared thermometer was aimed 
at the target area of skin at a perpendicular angle, from a distance of 30 cm. 
The thermometer was calibrated using a blackbody (BLACKPOINT, 
Blackbody Calibrator, BB702, Omega, USA) prior to each trial, thereby 
improving the accuracy.  
 
Additionally, to estimate mean Tsk (₸sk) during the trials, iButton wireless 
temperature loggers (Maxim, San Jose, USA) with a temperature range of -55 
to 100°C, resolution of 0.5°C and response time of 2 s were used. To record 
local Tsk, the iButtons were taped on the right side of the body to the following 
nine skin sites: right side of forehead, scapula, chest, upper arm, lower arm, 
hand, thigh and calf. Weighted ₸sk was calculated according to the 8-point ISO 
calculation (BS EN ISO 9886, 2004) using all sites: 
 
₸𝑠𝑘  = ∑𝑘𝑖 𝑇ski 
 
Where: 
ki is an area weighting coefficient for a point measurement (Table 3.3) 
Tski is local Tsk at point i 
 
Table 3.3. Measurement sites and weighting coefficients for 
calculation of weighted mean skin temperature (₸sk). 
 
 
 
 
 
 
 
 Sites Weighting Coefficients 
1 Forehead 0.07 
2 Scapula 0.175 
3 Upper chest 0.175 
4 Upper arm 0.07 
5 Lower arm 0.07 
6 Hand 0.05 
7 Anterior thigh 0.19 
8 Posterior calf 0.2 
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According to BS EN ISO 9886 (2004), in conditions close to thermally neutral 
like in the present study, Tsk weighting schemes with 8 or 14 points are 
recommended to increase the accuracy of the measurement. Whereas in 
warm or hot conditions a 4 point weighting scheme may be sufficient. 
 
Core Temperature 
As the present study was conducted at rest, in a thermoneutral environmental, 
fluctuations in Tcore were not expected, hence continuous measures of this 
variable were deemed unnecessary. However, in order to confirm that Tcore did 
not alter during the trials, a measurement of pre (after stabilisation period) and 
post (immediately post-trial) aural temperature (Tau) was taken. This was 
measured in the external auditory meatus (ear canal) using an infrared 
thermometer (Braun ThermoScan, PRO 4000, Welch Allyn, USA).  
 
Subjective Scales 
Measurements of thermal sensation and thermal comfort are often assessed 
using psychometric scales such as Likert and visual analogue scales (VAS) 
(Leon et al., 2008; Parsons, 2014). VAS scales typically involve a straight line 
with labels or anchors at either end, whereas Likert scales are categorical and 
divided with numerous words or phrases and numbers. These scales are 
designed to measure an individual’s attitude and feelings towards a specific 
statement or question. A variety of factors must be taken into account when 
designing and using subjective scales including the purpose, sensitivity, 
accuracy and ease of use. Comparison to other studies in the field is also 
important and thus standardised and recognised scales are often utilised 
(Parsons, 2014) such as the Bedford warmth scale (Bedford, 1936) and 
ASHRAE sensation scale (ASHRAE, 1966, 1992). In this study, subjective 
scales were used to assess thermal sensation and thermal comfort 
independently on two separate scales. The scales were chosen based on 
prior pilot work and evaluation of previous research (Leon et al., 2008; 
Nakamura et al., 2008; Ouzzahra et al., 2012; Gerrett et al., 2014; Parsons, 
2014) to select an appropriate scale for the purpose of the studies presented 
within this thesis.  
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Thermal Sensation Scale 
A bipolar, subjective scale was developed for the assessment of thermal 
sensitivity in this study. Interval Likert scales with numbers and descriptors are 
commonly used to assess whole body thermal sensation, however they are 
typically limited to 7-9 points. As thermal sensitivity was the main variable in 
the present study, a more accurate and sensitive scale was required. A 
modification of the bipolar ISO 10551 thermal sensation scale (9 point scale; 4 
very hot, 3 hot, 2 warm, 1 slightly warm, 0 neutral, -1 slightly cool, -2 cool, -3 
cold, -4 very cold) was developed to include ‘extremely hot’ and ‘extremely 
cold’ (Figure 3.3A). The new scale also included more interval points ranging 
from +50 to -50 allowing participants to choose any number along that 
continuum, which increases the resolution of the scale. Pilot testing a variety 
of different types of scale aided the development of the final scale which was 
colour coded and included descriptors for ease of use.  
 
The adapted thermal sensation scale was utilised for both local (each of the 
33 regions after the probe was applied to the skin) and whole body ratings. 
For the purpose of this study, thermal sensitivity was defined as the subjective 
rating given by each participant after the probe was applied to the skin, in 
which higher values represent higher sensitivity in the WARM trial (e.g. 50 = 
most sensitive and 0 = least sensitive) and lower values represent higher 
sensitivity in the COLD trial (e.g. -50 = most sensitive and 0 = least sensitive). 
Whole body thermal sensation ratings outside of the slightly warm (10) to 
slightly cool (-10) range were deemed to be outside of the optimal 
thermoneutral target state required for this study and if breeched, the trial 
would have been terminated. However, no participant recorded a score 
outside of this range during the entire study and therefore all trials were 
completed. 
 
Thermal Comfort Scale 
The thermal comfort scale (Figure 3.3B) used in this study was an adapted 
version of the standard 5-point scale (BS EN ISO 10551, 2001), which is often 
used throughout thermal physiology research. The scale was adapted to 
enable participants to choose a number in between the set descriptors to 
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achieve a more sensitive rating (1-7). Only whole body thermal comfort was 
assessed for this study at 15 min intervals during the trial as an additional 
measure to compliment the thermal sensation ratings. Similarly to thermal 
sensation, a thermal comfort rating of >3 was deemed to be outside of the 
optimal thermoneutral target state required for this study. No participant 
recorded a score above 3 during the entire study and therefore all trials were 
completed. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.3. Subjective scales used for the assessment of thermal 
comfort (A) and thermal sensitivity (B). 
 
 
Mental Effort 
As the nature of the study included continuous ratings of thermal sensation 
and comfort it may have been perceived as psychologically demanding. 
Therefore, feedback on the mental state of the participant’s during the trial is 
an important factor. To asses this, participants were asked to rate their 
‘readiness to invest mental effort’ from 0-10 (0 = not ready at all and 10 = 
totally ready) (Duncan et al., 2012; Coull et al., 2015). This was monitored 
every 15 min alongside thermal comfort ratings. Participants were briefed on 
the scale in the familiarisation session and before each trial. 
A B 
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Stimulus Pressure 
To ensure the thermal probe was applied with a standardised and uniform 
pressure over all body regions, within and between participants, a pressure 
system was designed and integrated into the probe. This mechanism utilised a 
force transducer (Biometrics Pinchmeter P100, 3mV sensitivity), which 
displayed force data visually onto a PC (DataLog software, Biometrics Ltd, 
UK) via a Bluetooth wireless, 8-channel data logger (Miniature DataLog 
MWX8, Biometrics Ltd, UK). The force transducer was encased inside a metal 
block, which incorporated a spring mechanism (Figure 3.4). A handle was 
attached to the top of the probe to allow the experimenter to grip and apply the 
probe with ease. The addition of the pressure system enabled constant 
monitoring of the pressure applied from the probe to the skin throughout the 
study.  
 
A calibration was performed to convert output voltage in millivolts (mV) to 
pressure units in kilopascals (kPa) to gage the actual amount of pressure 
applied to the skin. The weight of the probe (0.5 kg) was taken into account 
when applying the stimulus and the pressure was altered for horizontal 
applications such as the lateral body regions and the cheek. The total amount 
of pressure applied to each body region was 4.1 kPa (equivalent to 1 kg over 
the probe surface). 
 
 
 
 
 
 
 
 
 
 
Figure 3.4. Thermal probe with custom built pressure system attached. 
  
Thermal probe 
Probe handle 
Metal block encasing 
force transducer 
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3.3.6. Statistical Analysis 
Statistical analysis was completed using a Microsoft Excel (2010) and 
statistical software package (SPSS version 23.0, IBM, USA). Differences in 
WARM and COLD thermal sensitivity and local Tsk between groups (FIX and 
REL) and body regions (33 locations) were assessed using a two-way ANOVA 
with group as a between subject’s factor. The large number of comparisons 
may increase the likelihood of inflating type I error and so Bonferroni 
corrections were applied to account for multiple comparisons. Warm and cold 
body maps were created for each group depicting the regional differences in 
transient (TTS) and steady state (SSTS) thermal sensitivity. Subjective whole 
body data for sensation and comfort and objective data including 
environmental temperature, and humidity, ₸sk and Tau, were analysed using 
independent (between FIX and REL groups) and paired (between WARM and 
COLD trials) samples t-tests. Unless otherwise stated, significance was set at 
the p < 0.05 level and all data will be presented as means ± standard 
deviation (SD). 
 
3.4. Results 
3.4.1. Participants 
Participants recruited for this study were matched for age and body 
characteristics (Table 3.4). Independent samples t-tests confirmed no 
significant differences between groups for age, height, weight, body surface 
area (BSA) or body fat percentage (p > 0.05). 
 
 
Table 3.4. Participant characteristics in the FIX and REL group.  
Group 
Age  
(yrs) 
Height 
(cm) 
BSA 
(m2) 
Body mass 
(kg) 
Body fat 
(%) 
FIX (n = 13) 22.2 ± 2 180.8 ± 3.8 2.0 ± 0.1 81.6 ± 7.2 18.0 ± 3.2 
REL (n = 10) 21.6 ± 1 179.3 ± 6.5 1.9 ± 0.1 76.9 ± 10.0 16.2 ± 4.1 
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3.4.2. Environmental Conditions  
During each trial the environmental conditions were closely monitored and 
controlled in order to maintain a thermoneutral environment of 25°C and 40% 
RH. There were no significant differences between WARM and COLD trials or 
between FIX and REL groups (p > 0.05), indicating that the environmental 
conditions were stable throughout the study (Table 3.5).  
 
 
Table 3.5. Experimental environmental conditions in each trial. 
Group Air Temperature (°C) Relative Humidity (%) Air Velocity (m.s-1) 
 
WARM COLD WARM COLD WARM COLD 
FIX 25.2 ± 0.2 25.2 ± 0.2 39.4 ± 1.0 39.5 ± 0.8 <0.05 <0.05 
 REL 25.1 ± 0.3 25.0 ± 0.2 39.2 ± 0.8 39.5 ± 0.7 <0.05 <0.05 
 
 
3.4.3. Whole Body Subjective Responses  
To ensure that all participants remained in a stable and comfortable state, 
whole body subjective ratings (thermal sensation and comfort) were recorded 
every 15 min throughout the trials. It was a criterion of the study for individuals 
to remain within a comfortable state between slightly warm (10) to slightly cool 
(-10) on the thermal sensation scale and comfortable (1) to slightly 
uncomfortable (3) on the comfort scale. No individual surpassed the subjective 
rating criteria during the study. There were no significant differences in 
thermal sensation (Figure. 3.5) or thermal comfort (Figure. 3.6) across time, 
between WARM and COLD trials or between FIX and REL groups (p > 0.05), 
suggesting that a stable and consistent comfortable environment was 
achieved.  
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Figure 3.5. Whole body thermal sensation between groups in both WARM 
and COLD trials. 
 
 
Figure 3.6. Whole body thermal comfort between groups in both WARM 
and COLD trials. 
 
 
3.4.4. Metal Effort 
The mental effort of each participant was assessed using a ‘readiness to 
invest mental effort’ subjective scale ranging from 0 (not ready) to 10 (totally 
ready). There were no overall significant differences in subjective mental effort 
between groups or between WARM (FIX = 8.1 ± 1.0 v REL = 8.2 ± 0.9) and 
COLD (FIX = 8.0 ± 0.7 v REL = 8.1 ± 0.8) trials (p > 0.05). 
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3.4.5. Body Temperature 
Core Temperature 
Aural temperature (Tau) was used as a measure of core temperature for the 
purpose of this study and was recorded pre- and post-trial in both groups. 
There were no significant differences in Tau between pre to post 
measurements, WARM and COLD trials or between FIX AND REL groups (p 
> 0.05) (Table 3.6). 
 
 
Table 3.6. Pre and post core temperature values in WARM and COLD trials. 
 
 
Mean Skin Temperature 
The weighted ₸sk data (calculated from 8 body regions) analysed in this 
section is taken from a 1 h period during the trial, which does not include the 
stabilisation period. Figure 3.7 illustrates that ₸sk remained stable throughout 
each trial with no significant difference between the start (0 min) and end ₸sk 
(60 min) (p > 0.05). There were also no significant differences between 
WARM and COLD trials or between the FIX and REL groups (p > 0.05) 
confirming that participants were in a similar thermal state in both 
trials/groups.  
Group Pre-trial Tau (°C) Post-trial Tau (°C) 
 
WARM COLD WARM COLD 
FIX 36.8 ± 0.3 36.8 ± 0.3 36.8 ± 0.2 36.8 ± 0.2 
REL 36.8 ± 0.2 36.8 ± 0.2 36.9 ± 0.1 36.8 ± 0.1 
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Local Skin Temperature 
Overall local Tsk (average of 33 regions) was not significantly different between 
the FIX and REL group or between WARM and COLD trials (p > 0.05). 
However, local Tsk was significantly higher in the REL group, compared to FIX 
at a small number of body regions; medial chest (p = 0.04) and lateral 
abdomen (p = 0.02) in both WARM (Table 3.7) and COLD (Table 3.8) trials 
and the midaxillary (p = 0.01), suprailiac (p = 0.03) and posterior knee (p = 
0.03) in the COLD trial only. These differences were no longer significant after 
Bonferroni corrections. 
 
Figure 3.7. Weighted mean skin temperature (₸sk) for WARM and COLD 
trials between groups. 
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Table 3.7. Local skin temperature (Tsk) in the WARM trial for all regions tested in the FIX and REL group. Significance level between groups are 
displayed as *p < 0.05, **p < 0.01, ***p < 0.001. #Significant difference after Bonferroni correction. 
 
 WARM trial local skin temperature (°C) Significance 
 FIX REL between groups 
 Min Max Median Mean SD Min Max Median Mean SD Absolute 
Forehead 34.1 35.9 34.7 34.8 0.5 33.8 35.5 35.0 35.0 0.5 - 
Medial chest 31.3 35.1 33.3 33.4 1.2 33.6 35.0 34.3 34.3 0.5 * 
Palm of hand 30.2 35.1 34.0 33.7 1.3 31.1 35.7 33.6 33.6 1.2 - 
Lateral abdomen 31.5 34.6 32.9 33.0 0.9 32.8 35.7 34.0 34.0 0.9 * 
Knee 28.9 33.2 31.0 31.0 1.3 29.8 35.0 32.2 32.3 1.4 * 
Medial torso 31.7 34.6 33.9 33.7 0.8 32.2 34.8 34.0 33.9 0.8 - 
Cheek 33.8 35.7 34.5 34.7 0.6 34.1 36.1 35.2 35.1 0.5 - 
Bicep 31.8 34.5 33.2 33.1 0.7 32.3 33.9 33.2 33.2 0.6 - 
Midaxillary 32.4 34.8 33.8 33.8 0.8 33.5 35.9 34.2 34.3 0.7 - 
Anterior forearm 32.0 34.4 33.7 33.3 0.8 32.9 35.1 34.1 34.0 0.7 - 
Lateral chest 31.6 34.9 33.5 33.6 0.9 32.6 34.5 33.6 33.7 0.6 - 
Anterior neck 34.2 36.4 35.3 35.3 0.6 33.3 36.0 35.5 35.3 0.8 - 
Lateral torso 32.4 34.8 33.9 33.9 0.7 33.0 34.7 34.0 33.9 0.5 - 
Triceps 29.2 33.4 32.1 31.9 1.2 29.5 34.2 31.7 31.9 1.2 - 
Suprailiac 30.2 34.3 32.4 32.7 1.5 32.0 34.9 33.5 33.4 0.9 - 
Posterior forearm 32.1 34.0 33.1 33.0 0.6 32.3 34.6 33.0 33.2 0.6 - 
Medial abdomen 32.1 34.8 33.8 33.5 0.9 31.9 34.5 33.5 33.3 0.7 - 
Lateral calf 32.0 34.0 32.8 32.8 0.6 32.1 34.0 33.3 33.2 0.5 - 
Back of hand 29.4 34.0 33.7 33.1 1.2 29.8 34.6 33.6 33.3 1.4 - 
Top of foot 27.9 34.0 30.6 30.6 1.9 27.4 33.7 31.2 30.9 2.0 - 
Medial calf 30.8 33.9 32.5 32.4 0.9 30.6 33.2 32.3 32.2 0.8 - 
Quadriceps 31.2 35.2 33.1 33.1 1.2 31.9 34.5 32.8 33.0 1.0 - 
Upper middle back 33.9 35.6 35.1 35.0 0.4 34.8 35.7 35.2 35.2 0.3 - 
Posterior neck 32.8 35.8 35.2 35.1 0.8 34.4 35.7 35.1 35.1 0.4 - 
Lower lateral back 30.4 34.1 32.1 32.3 1.2 30.7 35.3 32.9 32.6 1.5 - 
Sole of foot 25.6 31.8 26.6 27.6 2.1 25.1 32.5 27.7 28.3 2.8 - 
Middle medial back 33.8 35.7 34.5 34.5 0.5 34.0 35.3 34.7 34.6 0.4 - 
Hamstring 30.8 35.4 32.9 33.1 1.2 32.3 34.7 32.7 33.0 0.8 - 
Upper lateral back 32.8 35.4 34.5 34.4 0.7 33.0 35.3 34.8 34.5 0.7 - 
Posterior knee 31.6 34.1 32.4 32.8 0.9 32.7 34.2 33.4 33.4 0.5 - 
Middle lateral back 31.9 34.9 33.7 33.4 0.9 32.5 35.4 33.9 34.0 0.8 - 
Posterior calf 31.5 34.7 33.1 33.0 1.0 32.1 34.4 33.7 33.5 0.9 - 
Lower medial back 32.4 35.2 33.9 33.9 0.8 32.4 35.4 34.0 34.0 1.0 - 
Overall 32.5 34.0 33.1 33.2 0.5 32.4 34.1 33.6 33.5 0.5 - 
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Table 3.8. Local skin temperature (Tsk) in the COLD trial for all regions tested in the FIX and REL group. Significance level between groups are 
displayed as *p < 0.05, **p < 0.01, ***p < 0.001. #Significant difference after Bonferroni correction. 
 COLD trial local skin temperature (°C) Significance 
 FIX REL between groups 
 Min Max Median Mean SD Min Max Median Mean SD Absolute 
Forehead 33.6 35.5 35.1 34.9 0.6 33.3 35.3 34.5 34.5 0.6 - 
Medial chest 31.7 35.5 33.0 33.2 1.0 33.1 34.8 34.1 34.0 0.6 * 
Palm of hand 32.5 34.8 34.1 33.8 0.7 29.2 35.8 33.2 33.1 1.8 - 
Lateral abdomen 31.8 34.5 32.7 33.0 0.9 32.7 35.3 34.1 34.0 0.9 * 
Knee 29.0 33.8 30.7 30.9 1.2 30.7 34.2 32.3 32.1 1.0 - 
Medial torso 32.1 35.0 33.9 33.7 0.8 32.8 34.8 34.3 34.0 0.8 - 
Cheek 33.5 35.6 34.8 34.7 0.8 34.4 35.7 35.1 35.0 0.4 - 
Bicep 31.4 34.5 33.1 33.0 0.8 32.4 34.5 33.2 33.2 0.7 - 
Midaxillary 32.0 34.2 33.4 33.4 0.6 32.8 35.6 34.1 34.1 0.8 * 
Anterior forearm 32.3 34.4 33.5 33.5 0.6 32.7 34.8 33.4 33.5 0.7 - 
Lateral chest 31.9 34.6 33.5 33.5 0.7 32.5 34.9 33.6 33.7 0.7 - 
Anterior neck 34.4 36.0 35.6 35.3 0.5 34.7 36.1 35.5 35.5 0.4 - 
Lateral torso 32.8 35.0 33.8 33.7 0.6 32.8 35.0 33.9 33.9 0.6 - 
Triceps 30.7 33.1 32.2 32.1 0.7 30.9 33.8 32.2 32.1 1.0 - 
Suprailiac 30.7 34.5 32.5 32.4 1.4 32.6 35.1 33.6 33.6 0.9 * 
Posterior forearm 32.2 33.7 33.0 33.0 0.5 32.0 33.7 32.7 32.8 0.6 - 
Medial abdomen 32.0 34.9 33.7 33.4 1.0 32.6 35.2 33.8 33.8 1.0 - 
Lateral calf 31.3 34.2 32.6 32.6 0.8 32.6 34.4 33.1 33.2 0.6 - 
Back of hand 31.7 34.4 33.1 33.1 0.8 29.1 35.2 32.9 32.7 1.9 - 
Top of foot 28.8 33.0 30.3 30.8 1.5 29.7 33.0 31.3 31.2 1.2 - 
Medial calf 30.9 33.0 32.2 32.1 0.6 31.4 33.4 32.3 32.3 0.6 - 
Quadriceps 30.4 34.7 32.7 32.6 1.3 32.0 34.7 32.9 33.1 0.9 - 
Upper middle back 33.6 35.9 35.1 35.0 0.7 33.6 35.3 34.9 34.8 0.5 - 
Posterior neck 33.9 35.9 35.2 35.2 0.6 33.9 35.7 34.8 34.8 0.6 - 
Lower lateral back 30.5 35.0 32.3 32.4 1.1 30.6 34.6 32.3 32.4 1.1 - 
Sole of foot 25.9 32.5 27.6 28.2 1.8 25.1 32.9 28.8 28.6 2.4 - 
Middle medial back 33.0 43.2 34.7 35.0 2.5 33.3 35.1 34.2 34.3 0.5 - 
Hamstring 31.4 34.5 33.1 33.1 0.8 32.1 33.6 32.8 32.8 0.4 - 
Upper lateral back 31.9 35.1 34.9 34.4 0.9 33.0 35.3 34.5 34.3 0.7 - 
Posterior knee 31.3 33.8 32.7 32.7 0.9 32.8 34.0 33.5 33.3 0.4 * 
Middle lateral back 31.5 34.3 33.3 33.2 0.8 32.2 34.6 33.4 33.4 0.7 - 
Posterior calf 31.2 34.2 32.8 32.8 1.1 32.4 34.4 33.4 33.3 0.6 - 
Lower medial back 31.9 35.4 33.5 33.6 1.1 32.7 35.1 33.9 33.9 0.8 - 
Overall 32.2 34.2 33.3 33.2 0.9 32.6 33.8 33.4 33.4 0.4 - 
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3.4.6. Stimulus Temperature 
The probe stimulus temperature differed between the FIX and REL group 
(Table 3.2). In the FIX group the temperature was 40°C in the WARM and 
20°C in the COLD trial, whereas the REL probe temperature ranged from 35-
42°C in WARM and 18-25°C in the COLD trial. The mean temperatures (all 33 
regions combined) were not significantly different (p > 0.05) between groups in 
the WARM trial (40 ± 0°C FIX and 40.5 ± 0.5°C REL). However, in the COLD 
trial the stimulus temperature in the FIX group (20 ± 0°C) was significantly 
lower (p = 0.001) than the REL (23.4 ± 0.4°C). 
 
3.4.7. Overall Thermal Sensitivity (all body regions) 
Pre-sensation 
Ratings of thermal sensation given by the participants prior to the warm and 
cold stimuli were recorded for each region (pre-sensation). Although whole 
body thermal sensation ratings in response to the stimuli were not different 
between groups, overall pre-sensation (average of 33 regions) was slightly but 
significantly higher in the REL compared to FIX group in both WARM (FIX: 2.0 
± 3.5 Vs REL: 7.2 ± 4.3, p = 0.003) and COLD (FIX: 2.2 ± 3.0 Vs REL: 6.5 ± 
5.7, p = 0.03) trials (Figure 3.8). There were no significant differences in pre-
sensation between WARM or COLD trials within in each group (p > 0.05). 
 
Transient Thermal Sensation (TTS) 
The rating of thermal sensation given immediately after the stimulus was 
applied to the skin is referred to as TTS. Overall TTS was not significantly 
different between the FIX and REL groups (p > 0.05) as shown in Figure 3.8. 
 
Steady State Thermal Sensation (SSTS) 
The rating given 10 s after the stimulus was applied to the skin is referred to as 
SSTS. Similarly to TTS, SSTS was not significantly different between the FIX 
and REL groups (p > 0.05) as shown in Figure 3.8. 
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Figure 3.8. Overall thermal sensation (average of all body regions) before 
stimulus was applied (PRE), transient thermal sensation (TTS) and steady state 
thermal sensation (SSTS) between groups for both WARM and COLD trials. 
*Significant difference between FIX and REL group. 
 
 
Thermal Sensation from TTS to SSTS  
The response magnitude tended to decrease slightly from TTS to SSTS. This 
change from overall TTS to SSTS was significantly different in the FIX group in 
the WARM trial only, as sensitivity responses decreased from 24.4 to 22.7 (p = 
0.02) (Figure 3.9). The change from TTS to SSTS was not significantly 
different between groups in the WARM or COLD trial (p > 0.05). 
* * 
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Figure 3.9. Transient thermal sensation (TTS) to steady state thermal 
sensation (SSTS) between groups in both WARM and COLD trials. 
*Significantly different from TTS. 
 
 
3.4.8. Regional Thermal Sensitivity 
For each group, the mean thermal sensitivity ratings for each body region are 
portrayed in the body maps below for TTS and SSTS in the WARM (Figure 
3.10) and COLD trial (Figure 3.11) assuming left and right body halves 
responded identically (Claus et al., 1987; Meh & Denislic, 1994; Gerrett et al., 
2014). Additionally, thermal sensitivity descriptive statistics are shown in Table 
3.9-3.12 for both groups in the WARM and COLD trials. 
 
WARM TTS 
Warm TTS differed slightly between groups but was only significantly different 
at 2 body regions. Significantly higher ratings were observed in the REL group 
at the posterior neck (p = 0.02) and the middle medial back (p = 0.02) when 
compared to the FIX group. However, these differences were not significant 
after Bonferroni corrections. The most sensitive regions to WARM were the 
lateral torso and lateral abdomen in the FIX group and the posterior neck and 
lateral trunk section in the REL group. The least sensitive was the top of the 
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foot and lateral calf in the FIX and top and sole of the foot and lateral calf in the 
REL group, respectively. 
 
WARM SSTS 
Similarly, for warm SSTS only 2 body regions differed significantly between 
groups as the posterior neck (p = 0.04) and upper lateral back (p = 0.04) were 
rated as more sensitive in the REL compared to the FIX group. However, 
these differences were no longer significant after Bonferroni corrections. The 
most and least sensitive regions for SSTS were the same as for TTS. 
 
COLD TTS 
In response to a cold stimulus, there were a higher number of differences 
observed between groups. The forehead (p = 0.01), cheek (p = 0.01), lateral 
chest (p = 0.03), anterior neck (p = 0.001) and medial abdomen (p = 0.04) 
were all rated significantly more sensitive in the FIX compared to the REL 
group. After Bonferroni corrections, only the thermal sensitivity at the anterior 
neck was significantly different between groups. The most sensitive region to 
COLD was the anterior lateral trunk section (lateral torso, suprailiac, 
midaxillary) in both the FIX and REL group. The least sensitive were the top of 
the foot and the palm of the hand in the FIX and REL group, respectively. 
 
COLD SSTS 
The same regions (forehead, cheek, lateral chest, anterior neck and medial 
abdomen) were also significantly more sensitive in the FIX compared to the 
REL group for SSTS with the addition of the posterior neck (p = 0.01 for all 
regions). However, these differences were no longer significant after 
Bonferroni corrections. The most sensitive region to COLD was the same as 
TTS in the FIX group and in the REL group it was the lower lateral back and 
the anterior lateral trunk section. The least sensitive region was the top of the 
foot and the palm or the hand in the FIX and REL group, respectively. 
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Figure 3.10. Whole body maps depicting the transient (TTS) and steady state 
(SSTS) thermal sensation to a WARM stimulus (40°C) in the FIXED and 
RELATIVE group. For this figure it was assumed that left and right body halves 
responded identically. 
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Figure 3.11. Whole body maps depicting the transient (TTS) and steady state 
(SSTS) thermal sensation to a COLD stimulus (20°C) in the FIXED and RELATIVE 
group.  For this figure it was assumed that left and right body halves responded 
identically 
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Table 3.9. WARM transient thermal sensation (TTS) for all regions tested in the FIX and REL group. Significance level between groups are 
displayed as *p < 0.05, **p < 0.01, ***p < 0.001 (always more sensitive in REL group). #Significant difference after Bonferroni correction. 
 
 WARM Transient Thermal Sensation (TTS) Significance 
 FIX REL between groups 
 Min Max Median Mean SD Min Max Median Mean SD Absolute 
Forehead 19.5 36.0 25.0 25.7 5.3 12.0 35.5 25.8 26.4 7.7 - 
Medial chest 16.0 38.5 27.5 27.3 6.5 13.5 42.0 30.8 29.3 8.6 - 
Palm of hand 12.0 33.0 20.0 21.0 5.7 12.5 36.5 22.8 23.9 8.8 - 
Lateral abdomen 24.0 41.5 30.0 30.5 5.4 13.5 41.5 35.3 31.5 9.8 - 
Knee 10.0 29.5 22.0 21.6 6.4 9.5 37.0 23.0 22.3 8.2 - 
Medial torso 10.0 36.0 25.0 25.5 6.9 14.0 36.0 28.5 25.7 7.5 - 
Cheek 10.0 37.5 24.0 23.3 8.4 10.0 38.5 29.0 26.4 10.4 - 
Bicep 17.5 35.5 22.5 24.2 4.4 12.0 35.5 26.8 24.0 7.6 - 
Midaxillary 22.0 38.5 29.5 29.6 5.0 13.5 43.0 32.0 30.2 9.0 - 
Anterior forearm 18.0 37.0 26.0 26.6 5.8 16.0 37.0 28.3 27.0 6.8 - 
Lateral chest 19.0 41.5 29.0 29.3 5.9 13.0 41.5 34.0 30.8 9.7 - 
Anterior neck 14.0 42.5 27.5 27.9 7.7 14.5 43.5 32.0 31.5 9.0 - 
Lateral torso 27.5 44.0 30.0 31.8 4.5 16.0 43.0 32.8 31.2 7.9 - 
Triceps 14.0 29.0 19.0 20.4 4.8 11.0 25.5 22.0 20.4 4.7 - 
Suprailiac 20.5 41.5 28.0 29.3 6.2 12.0 42.5 34.3 31.9 9.4 - 
Posterior forearm 12.0 26.5 16.0 18.0 5.0 12.0 30.5 20.8 21.6 5.2 - 
Medial abdomen 20.0 34.5 28.0 26.6 4.4 13.5 31.5 27.5 25.2 6.5 - 
Lateral calf 11.0 25.5 16.5 17.5 4.7 9.5 25.5 21.8 19.7 5.9 - 
Back of hand 10.0 34.0 20.0 20.4 6.9 11.5 34.0 24.0 22.7 6.5 - 
Top of foot 6.0 30.5 17.0 17.4 7.2 10.0 38.5 18.8 20.8 9.8 - 
Medial calf 10.0 34.0 20.0 19.5 6.7 9.5 34.0 19.5 21.6 8.8 - 
Quadriceps 11.5 32.0 22.5 23.0 5.5 12.0 32.5 23.8 24.0 7.0 - 
Upper middle back 15.0 40.5 24.0 24.0 7.0 14.5 40.5 29.5 29.2 7.7 - 
Posterior neck 17.5 39.0 25.5 26.3 6.5 16.0 42.5 37.3 34.2 8.7 * 
Lower lateral back 22.0 41.5 28.0 28.2 4.9 8.0 40.0 28.3 26.8 8.8 - 
Sole of foot 4.5 35.0 20.0 19.8 7.8 5.5 29.0 15.0 16.6 7.1 - 
Middle medial back 15.0 39.5 23.5 23.6 6.5 15.5 39.5 30.5 30.7 7.0 * 
Hamstring 13.0 45.0 27.5 26.7 8.2 12.0 37.0 26.8 26.8 8.5 - 
Upper lateral back 16.5 37.0 25.0 25.3 6.0 15.0 41.0 32.8 31.2 7.7 - 
Posterior knee 8.0 41.0 21.5 22.8 9.9 12.5 36.0 22.5 22.9 8.6 - 
Middle lateral back 22.5 44.0 27.5 28.8 5.8 15.0 42.5 31.5 31.3 8.2 - 
Posterior calf 8.0 35.5 19.0 19.2 7.4 9.5 35.5 22.0 21.9 9.5 - 
Lower medial back 15.0 43.5 27.5 27.6 8.0 16.0 43.5 31.8 30.1 9.2 - 
Overall 18.1 34.7 25.0 24.5 4.9 12.5 34.9 28.2 26.3 6.9 - 
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Table 3.10. WARM steady state thermal sensation (SSTS) for all regions tested in the FIX and REL group. Significance level between groups 
are displayed as *p < 0.05, **p < 0.01, ***p < 0.001 (always more sensitive in REL group). #Significant difference after Bonferroni correction. 
 
 WARM Steady State Thermal Sensation (SSTS) Significance 
 FIX REL between groups 
 Min Max Median Mean SD Min Max Median Mean SD Absolute 
Forehead 13.0 37.0 21.5 22.7 6.4 10.0 39.0 25.3 25.3 9.5 - 
Medial chest 16.0 40.5 23.5 25.4 6.9 9.5 41.5 29.0 27.9 10.4 - 
Palm of hand 6.0 35.0 20.0 20.5 6.9 10.0 42.5 22.8 24.3 10.1 - 
Lateral abdomen 20.5 44.0 25.5 28.0 7.2 9.0 44.0 37.0 32.2 11.9 - 
Knee 11.0 31.5 20.0 20.8 7.2 6.5 35.0 22.3 21.5 9.0 - 
Medial torso 15.0 38.5 22.5 24.2 7.0 10.5 38.5 24.3 24.4 9.4 - 
Cheek 5.0 39.5 22.0 22.0 8.8 8.5 40.0 27.0 27.0 11.8 - 
Bicep 15.0 38.0 21.0 21.9 6.2 7.5 38.0 24.5 22.8 9.4 - 
Midaxillary 19.5 38.0 26.5 26.7 5.1 10.0 44.0 29.8 29.0 10.5 - 
Anterior forearm 15.5 41.0 23.0 24.5 6.8 13.5 41.0 29.8 27.6 8.7 - 
Lateral chest 17.0 38.5 26.0 25.8 6.3 8.0 40.0 32.5 29.2 10.6 - 
Anterior neck 17.0 43.0 25.5 26.7 8.1 12.0 43.5 31.8 30.8 10.4 - 
Lateral torso 19.0 45.5 28.0 29.0 6.7 10.5 41.5 31.0 29.4 9.0 - 
Triceps 5.0 28.0 19.0 18.7 6.8 6.5 27.5 19.0 19.5 6.6 - 
Suprailiac 17.5 42.0 24.5 25.6 6.9 7.0 45.0 33.0 30.9 11.2 - 
Posterior forearm 10.0 25.5 15.0 17.0 5.0 9.0 30.0 21.5 21.4 6.5 - 
Medial abdomen 15.0 37.5 27.0 25.1 5.8 10.0 32.0 27.3 24.2 7.6 - 
Lateral calf 10.0 29.0 15.0 17.1 6.0 5.0 29.5 21.0 19.1 8.7 - 
Back of hand 5.0 39.0 17.5 19.0 9.0 9.0 39.0 21.8 22.6 8.6 - 
Top of foot 7.0 30.5 15.0 16.9 6.8 6.5 34.5 17.5 18.7 9.1 - 
Medial calf 11.5 36.5 20.5 19.7 7.3 6.5 36.5 18.5 20.4 10.5 - 
Quadriceps 11.5 31.5 22.5 21.8 6.6 9.0 31.5 22.3 23.0 7.3 - 
Upper middle back 11.5 40.5 23.0 23.3 8.2 9.5 40.5 27.0 27.6 8.9 - 
Posterior neck 11.0 40.5 25.0 25.7 8.1 13.0 44.5 36.8 33.7 9.5 * 
Lower lateral back 12.0 43.0 25.0 26.0 7.6 5.0 42.0 28.8 26.6 10.3 - 
Sole of foot 4.0 36.0 20.0 19.2 8.4 2.5 25.5 15.3 15.0 7.0 - 
Middle medial back 12.5 41.0 23.0 22.8 7.6 11.0 41.0 31.3 29.9 8.4 - 
Hamstring 12.0 45.0 26.0 24.5 9.4 9.5 36.5 25.5 25.7 9.2 - 
Upper lateral back 11.0 39.0 20.0 21.6 8.6 11.5 41.0 32.3 29.8 9.0 * 
Posterior knee 9.5 41.0 18.0 20.0 9.9 8.5 36.0 20.0 21.1 9.5 - 
Middle lateral back 15.0 46.0 24.5 26.2 8.8 11.5 38.5 33.0 29.9 9.0 - 
Posterior calf 10.5 40.5 17.5 18.6 8.0 7.0 40.5 20.3 21.3 11.1 - 
Lower medial back 13.5 40.5 26.0 26.0 8.1 13.0 41.0 32.3 29.3 10.4 - 
Overall 15.5 35.5 22.6 22.8 6.4 9.1 35.7 26.9 25.5 8.4 - 
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Table 3.11. COLD transient thermal sensation (TTS) for all regions tested in the FIX and REL group. Significance level between groups are 
displayed as *p < 0.05, **p < 0.01, ***p < 0.001 (always more sensitive in FIX group). #Significant difference after Bonferroni correction. 
 
 COLD Transient Thermal Sensation (TTS) Significance 
 FIX REL between groups 
 Min Max Median Mean SD Min Max Median Mean SD Absolute 
Forehead -15.0 -41.0 -25.5 -26.6 6.7 -9.0 -29.0 -18.5 -18.0 6.5 ** 
Medial chest -18.0 -35.0 -25.5 -26.3 6.6 -9.0 -34.5 -22.5 -22.4 8.1 - 
Palm of hand -10.0 -36.5 -20.5 -20.9 6.9 -7.0 -36.5 -15.3 -17.4 8.5 - 
Lateral abdomen -24.0 -43.0 -30.5 -32.4 6.0 -10.0 -43.0 -30.8 -29.1 10.0 - 
Knee -10.0 -45.5 -27.0 -27.7 9.2 -12.0 -45.5 -30.0 -28.5 10.9 - 
Medial torso -20.0 -42.0 -28.0 -29.1 5.9 -9.0 -32.5 -24.0 -23.0 8.7 - 
Cheek -20.0 -45.0 -26.5 -28.7 7.7 -7.5 -32.5 -16.8 -18.0 8.9 ** 
Bicep -18.0 -36.5 -27.5 -26.7 6.3 -11.5 -36.5 -25.0 -24.9 7.6 - 
Midaxillary -25.0 -44.0 -30.0 -32.9 6.9 -12.5 -44.0 -29.3 -29.6 9.3 - 
Anterior forearm -13.5 -32.5 -29.0 -25.5 6.7 -13.5 -33.5 -28.5 -25.7 7.3 - 
Lateral chest -22.5 -40.0 -30.0 -31.6 4.9 -13.0 -38.0 -27.5 -25.5 7.2 ** 
Anterior neck -22.5 -35.0 -28.0 -28.2 4.3 -6.5 -34.0 -18.3 -18.2 8.6 ***# 
Lateral torso -30.0 -48.0 -34.0 -36.4 6.1 -17.5 -45.5 -32.5 -31.4 9.0 - 
Triceps -18.0 -35.0 -25.0 -24.5 5.9 -12.5 -35.0 -25.0 -25.1 7.7 - 
Suprailiac -26.5 -45.0 -34.0 -36.3 6.1 -10.5 -45.0 -30.0 -29.3 10.0 - 
Posterior forearm -12.0 -30.0 -24.0 -22.3 6.3 -11.0 -36.5 -21.5 -21.7 7.9 - 
Medial abdomen -13.0 -42.0 -30.0 -29.3 7.9 -9.0 -31.5 -22.8 -22.2 7.7 * 
Lateral calf -15.5 -42.0 -24.5 -24.8 7.0 -10.0 -42.0 -19.8 -22.7 9.8 - 
Back of hand -10.0 -31.5 -22.5 -21.6 7.1 -9.0 -40.0 -16.3 -20.5 10.6 - 
Top of foot -8.0 -32.5 -17.0 -18.0 7.0 -9.0 -42.0 -15.5 -19.9 10.7 - 
Medial calf -17.5 -37.0 -22.5 -24.1 6.3 -6.0 -37.0 -28.3 -24.6 9.5 - 
Quadriceps -20.0 -42.0 -30.0 -30.7 6.2 -16.5 -42.0 -30.3 -29.5 9.9 - 
Upper middle back -25.0 -37.5 -29.0 -29.7 3.4 -18.5 -37.5 -23.3 -25.3 6.8 - 
Posterior neck -18.0 -34.0 -27.0 -26.0 4.8 -10.0 -30.5 -18.8 -18.9 5.5 - 
Lower lateral back -28.0 -44.5 -34.0 -33.5 4.7 -17.0 -40.0 -33.0 -31.2 8.6 - 
Sole of foot -7.5 -47.5 -27.0 -27.0 9.5 -17.5 -47.5 -27.3 -29.7 10.6 - 
Middle medial back -25.0 -40.0 -33.5 -32.4 4.7 -10.0 -40.0 -27.5 -27.9 9.5 - 
Hamstring -23.0 -48.0 -32.0 -33.5 7.1 -17.5 -39.5 -26.3 -28.0 7.8 - 
Upper lateral back -23.5 -42.0 -31.0 -31.0 5.0 -10.0 -45.0 -31.3 -30.4 10.3 - 
Posterior knee -12.0 -32.5 -27.5 -24.9 6.2 -12.0 -35.0 -24.3 -24.1 8.2 - 
Middle lateral back -30.0 -42.0 -33.0 -34.8 4.3 -17.0 -41.0 -30.0 -30.1 6.2 - 
Posterior calf -15.0 -35.5 -26.5 -26.3 6.6 -12.0 -35.0 -23.3 -23.1 7.9 - 
Lower medial back -23.5 -43.5 -31.0 -30.9 5.4 -12.0 -43.5 -27.5 -29.3 9.9 - 
Overall -22.7 -36.4 -28.9 -28.3 4.1 -13.4 -35.8 -26.7 -25.0 7.0 - 
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Table 3.12. COLD steady state thermal sensation (SSTS) for all regions tested in the FIX and REL group. Significance level between groups 
are displayed as *p < 0.05, **p < 0.01, ***p < 0.001 (always more sensitive in FIX group). #Significant difference after Bonferroni correction. 
 COLD Steady State Thermal Sensation (SSTS) Significance 
 FIX REL between groups 
 Min Max Median Mean SD Min Max Median Mean SD Absolute 
Forehead -13.5 -43.0 -26.0 -26.3 7.6 -9.5 -27.5 -16.5 -17.7 6.4 ** 
Medial chest -15.0 -32.5 -28.0 -25.2 6.0 -6.5 -31.5 -20.8 -20.6 8.6 - 
Palm of hand -5.0 -35.8 -22.0 -19.3 9.5 -6.0 -35.8 -15.5 -17.7 9.0 - 
Lateral abdomen -17.5 -43.0 -31.5 -30.8 7.0 -6.5 -40.5 -32.5 -29.0 10.3 - 
Knee -9.5 -44.5 -28.0 -26.9 10.2 -9.5 -44.5 -31.5 -28.0 11.4 - 
Medial torso -16.5 -39.0 -28.5 -28.2 6.2 -5.0 -39.0 -22.5 -21.9 11.3 - 
Cheek -11.0 -42.0 -28.5 -28.2 8.6 -7.5 -28.0 -18.0 -18.2 7.8 ** 
Bicep -16.0 -35.5 -27.5 -26.0 6.7 -11.5 -36.0 -24.3 -23.6 7.2 - 
Midaxillary -24.0 -45.5 -35.0 -33.4 5.9 -8.0 -41.0 -27.8 -27.3 9.4 - 
Anterior forearm -12.5 -40.0 -29.0 -26.8 9.1 -12.5 -35.8 -27.5 -25.5 7.8 - 
Lateral chest -24.0 -43.5 -30.5 -31.5 5.1 -11.5 -35.0 -23.5 -23.2 7.6 ** 
Anterior neck -20.0 -40.0 -27.5 -26.9 5.8 -4.5 -28.0 -18.3 -18.1 7.9 ** 
Lateral torso -28.3 -47.0 -34.0 -36.2 4.7 -10.5 -40.0 -32.8 -29.2 9.1 - 
Triceps -10.0 -38.5 -25.0 -23.9 9.0 -11.0 -38.5 -24.3 -23.9 9.8 - 
Suprailiac -21.0 -44.0 -32.0 -33.4 6.3 -9.0 -40.3 -31.5 -28.8 10.0 - 
Posterior forearm -12.0 -39.8 -24.0 -23.4 9.1 -10.0 -39.8 -21.5 -22.5 9.8 - 
Medial abdomen -17.5 -44.5 -32.0 -30.6 7.0 -4.0 -35.3 -21.5 -20.8 9.0 ** 
Lateral calf -8.0 -41.0 -26.0 -24.1 9.8 -9.0 -41.0 -18.5 -21.6 10.0 - 
Back of hand -5.0 -36.0 -22.0 -21.5 8.6 -6.5 -36.0 -15.5 -18.8 10.7 - 
Top of foot -2.0 -29.5 -20.0 -17.6 7.7 -11.0 -40.0 -13.0 -19.3 10.2 - 
Medial calf -10.0 -37.5 -21.5 -23.5 8.9 -7.0 -35.0 -24.8 -23.6 10.2 - 
Quadriceps -21.0 -41.3 -28.5 -30.4 6.8 -12.5 -41.3 -28.8 -27.9 10.8 - 
Upper middle back -20.0 -40.0 -28.0 -27.8 5.8 -13.0 -40.0 -22.5 -22.8 8.0 - 
Posterior neck -18.0 -33.5 -29.0 -27.0 5.4 -5.0 -31.0 -18.3 -19.5 8.0 * 
Lower lateral back -21.0 -46.0 -28.0 -30.4 6.6 -12.0 -38.0 -32.5 -29.9 8.7 - 
Sole of foot -6.0 -38.0 -24.0 -24.3 9.4 -16.5 -45.0 -25.8 -28.2 9.8 - 
Middle medial back -22.0 -38.5 -32.0 -30.0 5.2 30.0 -38.5 -24.5 -18.5 19.2 - 
Hamstring -20.0 -48.0 -32.0 -32.5 9.2 -10.5 -39.0 -25.5 -26.4 8.8 - 
Upper lateral back -20.0 -37.8 -28.0 -28.1 5.6 -6.5 -40.0 -28.8 -27.7 9.9 - 
Posterior knee -14.5 -37.3 -29.0 -26.3 7.7 -8.0 -38.0 -25.8 -24.8 10.9 - 
Middle lateral back -15.0 -41.5 -32.0 -30.6 6.4 -12.5 -36.3 -27.8 -27.4 6.7 - 
Posterior calf -15.0 -38.0 -25.5 -26.5 8.6 -9.0 -36.3 -20.5 -22.0 9.0 - 
Lower medial back -25.0 -36.8 -29.0 -30.0 3.9 -7.0 -37.0 -26.5 -26.6 9.6 - 
Overall -19.7 -35.5 -28.5 -27.5 5.5 -9.5 -35.0 -23.5 -23.7 7.4 - 
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3.4.9. ∆Thermal Sensation from pre-TTS and pre-SSTS 
The ∆thermal sensation from pre-sensation values to TTS and SSTS was 
calculated for each group in the WARM and COLD trials. After calculating the 
∆thermal sensation almost all of the significant differences between the FIX 
and REL group observed in section 3.4.8 were no longer evident. The 
∆thermal sensation was significantly higher in the FIX group for WARM TTS at 
the lower lateral back (p = 0.02) and for WARM SSTS at the sole of the foot (p 
= 0.03) only. However, these differences were no longer significant after 
Bonferroni corrections. 
 
3.4.10. Thermal Sensation and Skin Temperature 
Pearson correlations were performed to assess the relationship between the 
magnitude difference in thermal sensitivity and the Tsk difference between the 
FIX and REL groups at all body regions, in both WARM and COLD trials. No 
relationship was observed between sensitivity and the initial Tsk of each body 
region in either group (p > 0.05).  
 
3.5. Discussion 
Using the magnitude estimation method to assess thermal sensitivity offers a 
different approach to sensitivity testing, away from the most commonly used 
‘method of limits’ technique. Magnitude estimation provides data on the 
perceived intensity of the stimulus for both a transient (TTS) and steady state 
(SSTS) response, rather than a thermal threshold for a given temperature 
change (Harju, 2002; Gerrett et al., 2017). However, in the past, studies on 
magnitude estimation have not taken into account the initial Tsk of a region 
before applying the thermal probe to the skin; hence the purpose of the 
present study was to assess the difference between two sensitivity test 
methods by applying a fixed temperature stimulus (FIX) or a temperature 
stimulus relative to Tsk (REL). The FIX stimulus was set at 40°C and 20°C and 
the REL was set at local Tsk+7°C and local Tsk-10°C for WARM and COLD 
trials, respectively.  
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The main finding was that regional variation in thermal sensitivity still exists 
and is of similar magnitude when applying a stimulus relative to Tsk (REL), 
rejecting the primary hypothesis. Furthermore, there were differences in 
magnitude in both WARM and COLD thermal sensitivity between the FIX and 
REL group at only a very small number of body regions. Possibly, the on 
average stronger stimulus in the COLD trial contributed to this difference. 
However, these differences were no longer evident when comparing the 
change in sensation from pre-TTS or pre-SSTS. 
 
3.5.1. Overall Thermal Sensitivity 
TTS and SSTS 
When comparing overall thermal sensitivity (average of all 33 body regions) 
between the FIX and REL group, no significant differences were observed in 
TTS or SSTS in the WARM or COLD trial (Figure 3.8). This may not be all that 
surprising for the WARM trial since the temperature of the probe averaged 
across all 33 regions was also not significantly different between FIX and REL 
(Table 3.2). However, although not significant, small differences were evident 
between groups with the REL group experiencing slightly higher sensitivity to 
WARM. This may highlight how sensitive our body is to perceiving small 
differences in thermal stimuli as the mean REL probe temperature (40.5°C) 
was only 0.5°C higher than the FIX (40°C) in the WARM trial. A greater 
difference was noted in COLD sensitivity between groups which may be due 
to the larger, significant mean temperature difference (3.4°C) between the two 
probes (20°C for FIX and 23.4°C for REL).  
 
A variety of methodologies have been employed within the literature to assess 
thermal sensitivity, using differing probe temperatures, thus it is difficult to 
compare findings between studies (Gerrett et al., 2017). The probe 
temperatures used within the present study were chosen based on the 
methodologies of previous studies (Ouzzahra et al., 2012; Gerrett et al., 2014, 
2015) and several pilot tests. Specifically, in the FIX group the probe 
temperatures in the WARM (40°C) and COLD (20°C) trials were ~5°C away 
from the pain thresholds for heat (~45°C) and cold (~12-15°C), in order to 
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ensure only innocuous stimulation occurred (see Figure 2.5 in Literature 
Review). In the REL group, a similar rationale was employed while also taking 
into account local Tsk. Pilot testing was conducted to collect data on the 
warmest and coldest body region to calculate the upper and lower limit for the 
WARM and COLD trial, respectively. As local Tsk in a neutral environment is 
closer to the pain threshold for heat compared to cold, it was decided that the 
probe temperature increase in the WARM trial (Tsk+7) would be smaller than 
the probe temperature decrease in the COLD trial (Tsk-10). 
 
Pre-sensation 
There were significant differences in pre-sensation between groups in the 
WARM and COLD trial (Figure 3.8) with the REL group reporting slightly 
higher sensitivity ratings. This pre-sensation rating was given before the 
stimulus was applied to the skin and although there were no overall 
differences in local Tsk or weighted ₸sk between groups, the REL group still 
reported slightly warmer sensations compared to the FIX group. Rather than a 
physiological explanation, this may be due to the fact that the study was 
employed as an independent group design and the two groups were tested 
upon by two separate experimenters. The way in which the pre-sensation 
ratings were explained by the separate experimenters may have differed 
slightly which is a limitation of the current study. Despite this, the whole body 
thermal sensation ratings were not different between groups during the trial 
which suggests that both groups perceived themselves to be in a similar 
thermal state. 
 
3.5.2. Regional Differences 
Regional variation in sensitivity over the body has been observed previously in 
the literature, using the method of limits (Dufour & Candas, 2007; Tochihara et 
al., 2011; Inoue et al., 2016) and magnitude estimation techniques (Stevens et 
al., 1974; Ouzzahra et al., 2012; Gerrett et al., 2014, 2015). In agreement with 
the aforementioned studies, the present study observed higher sensitivity to 
warmth at the torso and head/neck and lowest in the extremities in both the 
FIX and REL group (Figure 3.10). This regional variation is suggested to be 
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due to a higher number of thermoreceptors in the head region which 
contributes to keeping the brain within a thermo-prescriptive zone. Higher 
sensitivity in the head/neck would aid the initiation of autonomic and behaviour 
adjustments to preserve the optimal functioning of the brain. Similarly, as the 
torso also encloses vital organs it may be suggested that a higher sensitivity 
to warm and cold acts as a protective mechanism in this area (Gerrett et al., 
2014). Ouzzahra et al., (2012) found that the most sensitive regions to cold, 
within the torso segment, were the lateral aspects and this was also evident in 
the present study in the FIX group using the same cold stimulus temperature 
(20°C). A possible explanation for this may be the dual-stimulation of the 
thermoreceptors and mechanoreceptors as when the thermal probe makes 
contact with the skin the change in pressure and temperature will cause a 
simultaneous stimulation (Gerrett et al., 2014). This may be the case for all 
body regions, however as the lateral aspects of the torso are often referred to 
as the most ‘ticklish’ areas of the body, this phenomenon cannot be 
disregarded.  
 
The opposite may be true for the lower thermal sensitivity observed in the 
limbs as there is an apparent reduction in the number and distribution of 
thermoreceptors in the extremities compared to the head and torso regions 
(Lee & Tamura, 1995). The feet and hands were the least sensitive regions in 
the present study which is a common finding within the literature. The length 
of peripheral nerves has been shown to influence the sensitivity to tactile 
perceptual responses (Gerr & Letz, 1994; Deshpande et al., 2008) which may 
also help to underpin the decline in thermal sensitivity of the extremities 
(Guergova & Dufour, 2011). However, as discussed by Gerrett et al., (2014), a 
proximal to distal decline in sensitivity over the body would be expected if this 
were to be mechanistically true. 
 
Despite no overall difference in TTS and SSTS between the FIX and REL 
group, there were significant differences at a select number of body regions in 
both WARM and COLD trials. In the WARM trial, a total of two out of the 33 
body regions tested were rated significantly more sensitive in the REL group 
compared to FIX for TTS (posterior neck and middle medial back) and SSTS 
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(posterior neck and upper lateral back). However, in the COLD trial, 
significantly higher ratings were observed in the FIX group at five regions for 
TTS (forehead, cheek, lateral chest, anterior neck, medial abdomen) and six 
for SSTS (forehead, cheek, lateral chest, anterior neck, posterior neck and 
medial abdomen) which is likely due to the colder stimulus applied. This is 
only a relatively small number out of the total number of tested regions, which 
suggests that taking into account the initial Tsk by applying a relative stimulus 
does not largely influence regional thermal sensitivity measurement. 
 
The most and least sensitive body regions were not always the same in the 
FIX and REL group in the WARM and COLD trials. In the WARM trial the most 
sensitive regions (TTS and SSTS) were the lateral torso and lateral abdomen 
in the FIX and the posterior neck and lateral trunk section in the REL group. 
The least sensitive region was the top of the foot and lateral calf in the FIX 
group and the sole of the foot and the lateral calf in the REL group. The 
inconsistency between the two groups can be explained by the differing probe 
temperature being applied to the skin. In the REL group the region with the 
highest initial Tsk was the posterior neck and the region with the lowest was 
the sole of the foot (Table 3.7). Consequently, the relative temperature set for 
the thermal probe (Tsk+7°C) would also be the highest and lowest for these 
body regions, predisposing a higher/lower sensitivity rating, respectively. 
Despite this, it may be that grouping body regions into segments (head, torso, 
arms and legs) is more representative of overall sensitivity compared to single 
region ratings. However, by doing so, the torso was most sensitive in the FIX 
group, whereas the head was more sensitive than the torso in the REL group, 
supporting the previous statement.  
 
In the COLD trial a similar pattern was observed whereby the least sensitive 
body segment in the REL group was the head, which was also the segment 
with the highest local Tsk (Table 3.8) and thus the highest probe temperature 
(Tsk-10°C). Aside from the head, the other body segments followed a similar 
sensitivity pattern in both the FIX and REL groups. 
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When comparing regional thermal sensitivity data from the present study to 
other previous studies within the literature, it is important to distinguish 
between techniques (method of limits Vs magnitude estimation). Although 
overall, using both techniques, the head/torso are observed as more sensitive 
than the extremities, when looking at select body regions within those 
segments, differences between techniques become evident. For example, in 
the present study, the most sensitive body region out of all 33 regions tested 
was the lateral segment of the torso (FIX and REL) and posterior neck (REL) 
using magnitude estimation. However, using the method of limits, the face 
(forehead or cheek) is consistently shown as the most sensitive region (Dufour 
& Candas, 2007; Tochihara et al., 2011; Inoue et al., 2016). These differences 
highlight that although both regions are highly sensitive, the type of sensitivity 
may vary; whereby the torso is the most sensitive to a large temperature 
change and the forehead/check are sensitive to small, subtle changes in 
temperature. The differences between the two techniques will be discussed 
further in Chapter 4. 
 
3.5.3. ∆Thermal Sensation 
Within the present study, sensitivity was rated prior to the stimulus being 
applied to the skin (pre-sensation) and as discussed previously (section 3.5.1) 
there was a small overall difference between groups. Further analysis was 
deemed appropriate to investigate the change from pre-TTS and pre-SSTS in 
both WARM and COLD trials between groups for all body regions. From this 
analysis, it was observed that the significant differences between the FIX and 
REL group (discussed in section 3.5.2 for several body regions), were no 
longer evident when assessing the change in thermal sensation scores rather 
than absolute scores, by taking into account pre-sensation. This is an 
important point, as due to the use of an independent group design, any 
possible individual variation in the use of the subjective scales must be taken 
into account, for example by standardising against the pre-sensation. 
 
Furthermore, in the present study, the overall change in sensation from TTS to 
SSTS was calculated and there were no significant differences between the 
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FIX and REL group (Figure 3.9). Overall, there was a slight decrease from 
TTS to SSTS in both groups in the WARM and COLD trial but this was only 
significantly different in the FIX WARM trial. The decrease in sensation from 
TTS to SSTS observed in the present study may be described by the 
‘overshoot response’ phenomenon (Arens & Zhang, 2006; Ouzzahra et al., 
2012). This term describes the notion of an exaggerated sensation 
experienced by an individual during initial contact with thermal stimuli which 
then changes (decreases) over time, to become more accurate. The time 
difference between TTS and SSTS in the current study was only 10 s and 
although not assessed at longer durations (e.g. 20, 30, 40 s), this may 
highlight the speed at which the overshoot response may be overcome.  
 
3.5.4. Limitations 
As discussed previously, the main limitation of the present study was use of 
an independent group design instead of repeated measures. Using the same 
participants for both sensitivity tests would have been the most reliable way to 
investigate this hypothesis due to individual differences in subjective and 
physiological variables. However, all participants were thoroughly familiarised 
with the use of the subjective scales and the thermal probe in the pre-
experimental session and the second experimenter was trained and 
supervised by the first. Furthermore, participants in each group were matched 
for body characteristics to limit any influence of biophysical factors. 
 
Within the present study, thermal sensitivity was assessed at 33 regions on 
the left hand side of the body only, assuming symmetry (Ouzzahra et al., 
2012; Gerrett et al., 2014). This may also be seen as a limitation, however 
only healthy individuals were recruited for testing, with no known neural 
disorders or skin conditions which would limit the possibility of right to left side 
differences. Moreover, previous research has shown no difference in 
sensitivity between the right and left side of the body (Claus et al., 1987; Meh 
& Denislic, 1994). 
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3.5.5. Conclusion 
In the present study, body maps were created displaying the regional 
distribution of thermal sensitivity for the use of a FIX and REL stimulus 
temperature. The findings showed that the magnitude score for thermal 
sensation to warm and cold did not differ when applying a FIX or REL stimulus 
to the skin. This may suggest that the initial regional differences in Tsk over the 
body do not seem to largely influence thermal sensitivity when using the 
magnitude estimation method. It could therefore be proposed that using either 
method for thermal sensitivity testing would be appropriate to assess regional 
differences over the body. For ease and time efficiency, the fixed stimulus 
method may be preferred, especially when assessing a large number of body 
regions.  
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CHAPTER 4: Laboratory Study 2 
 
Thermal Sensitivity to Warm and Cold Stimuli: An Age 
Comparison 
  
4.1. Chapter Summary 
Using a fixed magnitude estimation method, this study assessed differences in 
regional thermal sensitivity to warm (40°C) and cold (20°C) between two age 
groups (young: 18-30 yrs and older: 60-90 yrs). The experimental protocol 
was conducted in a thermoneutral environment (25°C/40%RH) with 
participants lying in a supine position wearing a pair of standardised shorts 
and socks. The pressure controlled thermal probe was applied to the skin for 
10 s and participants rated their sensation on a subjective scale immediately 
on contact and after 10 s of contact. The main findings were that there were 
no overall differences in thermal sensitivity (pre, TTS and SSTS) to WARM 
and COLD between young and older individuals for the groups studied. 
However, consistent age-related differences were observed at the foot region 
with older individuals reporting significantly lower sensitivity ratings for the top 
and sole of the foot. Furthermore, inter-individual variation in sensation 
magnitude scores was greater in the younger group at a large number of body 
regions, suggesting that this may decline with age. Together these findings 
may suggest that older individuals are at a greater risk of heat and cold 
induced injuries, particularly at the foot region. 
 
4.2. Introduction 
Several methodological and biological factors influence the way in which an 
individual perceives a thermal stimulus. As discussed in Chapter 3, the 
surface area exposed to the stimulus, time duration, and pressure of the 
stimulus may each alter the sensation experienced (Weber et al., 1996). 
Furthermore, the biological characteristics of an individual may pre-determine 
their sensitivity, as differences have been observed between genders and 
ethnicities (Lautenbacher & Strian, 1991a; Golja et al., 2003; Lee et al., 
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2010a; Gerrett et al., 2014). A recent body mapping study using magnitude 
estimation investigated the sensitivity to a warm stimulus over 31 body regions 
and observed significantly greater sensitivity in females compared to males at 
all locations (Gerrett et al., 2014). A relatively large body of literature has also 
assessed the effect of the natural ageing process on thermal sensitivity, using 
a variety of different techniques and a range of age categories (Jamal et al., 
1985; Fowler et al., 1987; Lautenbacher & Strian, 1991b; Stevens & Choo, 
1998; Harju, 2002; Dufour & Candas, 2007; Tochihara et al., 2011; Inoue et 
al., 2016). 
 
With advancing age, structural and functional deterioration occurs in the 
physiological systems of the human body even in the absence of disease and 
illness. Similarly, the skin is significantly affected by the natural ageing 
process, leading to deterioration in both autonomic thermoregulation and 
thermal sensation (Guergova & Dufour, 2011). As a result, older individuals 
are more susceptible to cold- and heat-induced illness and injury, compared to 
their younger counterparts (Van Someren, 2006). Mortality rates are higher in 
the elderly during cold seasons as well as during heat waves due to the 
decreased ability to detect a temperature change and regulate core body 
temperature adequately enough to maintain survival (Fouillet et al., 2006; 
Guergova & Dufour, 2011; Blatteis, 2012; Shibasaki et al., 2013).  
 
The majority of ageing studies have shown a blunted magnitude in thermal 
sensitivity to whole body exposure to warm and cool air (Collins et al., 1981; 
Natsume et al., 1992; Taylor et al., 1995) and an increased (blunted) threshold 
for detecting a change in local thermal stimuli applied to the skin in older 
individuals (Jamal et al., 1985; Kenshalo, 1986; Fowler et al., 1987; Stevens & 
Choo, 1998; Dufour & Candas, 2007; Inoue et al., 2016). Additionally, the age-
related decline in sensitivity is suggested to follow a distal to proximal pattern 
(Guergova & Dufour, 2011), with an increased detection threshold (decreased 
sensitivity) observed at the extremities (Stevens & Choo, 1998). However, 
these findings have not been universal as several studies have failed to 
observe any age differences (Gelber et al., 1995) in thermal sensitivity or have 
found a lack of consistency in responses (Seah & Griffin, 2008).  
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Equivocal findings within the literature may be a result of inconsistencies in 
the methodologies utilised, including a wide age range, varied probe 
temperatures and application techniques and different body regions 
stimulated. Much of the ageing research is focused around assessing thermal 
sensitivity at the hand and the foot, predominantly using threshold detection 
(Bertelsmann et al., 1985; Kenshalo, 1986; Doeland et al., 1989; 
Lautenbacher & Strian, 1991b; Bartlett et al., 1998; Lin et al., 2005). 
Consequently, it cannot be inferred that the same findings would occur at 
other body regions or when using different thermal sensitivity techniques. 
Thus, in order to ascertain whether there are true age-related differences in 
thermal sensitivity, extensive research must be conducted investigating the 
sensitivity to both heat and cold over the entire body surface area, within 
distinctive age groups. A recent study assessed age-related differences at 8 
body regions and concluded that thermal sensitivity to both warm and cold 
declines with age but this decline is attenuated at the forehead (Inoue et al., 
2016). The method of limits was utilised in this study and therefore the 
findings only represent age-related changes in thermal thresholds for 
detection of a temperature change. To the author’s knowledge, to date no 
study has investigated the effect of age on the magnitude of the sensation 
experienced when a thermal stimulus is applied to the skin. 
 
In light of the aforementioned limitations within thermal sensitivity ageing 
research and building on the findings of Chapter 3, the aim of this study was 
to investigate the regional and age-related differences in thermal sensitivity to 
a warm and cold fixed temperature stimulus in young (18-30 yrs) and older 
(≥60 yrs) individuals. A body mapping approach (33 regions) using the 
magnitude estimation method was selected to provide more detail of the 
intensity of the warm/cold sensation across the whole body and for the 
creation of thermal sensitivity maps illustrating age differences.  
 
106 
 
4.3. Methodology 
4.3.1. Participants 
Twenty-six healthy, white Western European, male participants were recruited 
from two age groups (n = 13 per group); young (18-30 yrs) and older (60-90 
yrs). It was the purpose of the study to select white Western European 
individuals to eliminate potential differences in thermal sensitivity and the 
translation of subjective scales between ethnicities (Lee et al., 2010a; 
Havenith et al., 2017). Participant characteristics are displayed in table 4.1 
 
Prior to taking part, participants were provided with detailed information about 
the study (example provided in Appendix D) and subsequently gave their 
written informed consent (Appendix A). Additionally, all participants were 
required to complete a health-screen questionnaire (Appendix B) and were 
excluded from the study if they failed to meet the required health standards. 
Due to the nature of the study, only participants that were non-smokers and 
had no history of diabetes, cardiovascular disease, skin conditions or 
neuromuscular disorders were recruited. Participants were not taking any 
medication that may have influenced the results of the study. Furthermore, 
each participant provided details about their lifestyle, including previous job 
titles, sun exposure and past/current medication. All protocols and procedures 
involved in the study were approved by the Loughborough University Ethics 
Committee and are in line with the World Medical Association Declaration of 
Helsinki for medical research using human participants. 
 
4.3.2. Experimental Design 
The aim of the experiment was to compare sensitivity to a WARM and COLD 
stimulus between age categories (young and older) and between regions over 
the body. The study followed a balanced, independent group design. A total of 
33 body regions were stimulated with a thermal probe set at a fixed 
temperature of either 40°C (WARM) or 20°C (COLD). Participants attended 
the laboratory on three separate occasions including a familiarisation session 
(visit 1), a WARM trial (visit 2) and a COLD trial (visit 3). The two experimental 
trials were completed in a balanced order after the familiarisation session. All 
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three sessions were completed at the same time of day for each participant to 
minimise the influence of circadian rhythm. However, in each age category a 
variety of morning and afternoon sessions were performed to maintain 
external validity (i.e. some participants in morning and some in afternoon). All 
sessions were conducted in the Environmental Ergonomics Research Centre 
at Loughborough University in a climate-controlled laboratory (25°C and 40% 
RH). 
 
4.3.3. Pre-experimental Session 
All participants attended a pre-experimental session prior to the main 
experimental trials to collect anthropometric data, obtain a measurement of 
resting metabolic rate and to familiarise them with the experimental protocol. 
On arrival at the laboratory, measures of participant’s height in cm 
(Stadiometer), body mass in kg (Metter Toledo kcc150, Metter Toledo, 
Leicester, UK, Resolution 1g) and body fat percentage via bio-electrical 
impedance (Body composition analyser, Tanita, MC-780MA) were recorded. 
Skin fold measurements were also taken at eleven sites on the body using 
skin fold callipers (Holtain Ltd. Crymych, Pembs, UK), to estimate 
subcutaneous fat layer thickness at specific regions and for an alternative 
measure of body fat percentage. The eleven sites measured included the 
chest, abdomen, thigh, triceps, subscapular, anterior suprailiac, midaxillary, 
bicep, calf, posterior forearm and lower back. Only seven sites (chest, 
abdomen, thigh, triceps, subscapular, anterior suprailiac and midaxillary) were 
used in the calculation of body fat percentage in accordance with Jackson & 
Pollock (1978). The sum of the seven skin fold measurements were used to 
estimate total body density (Db) in grams per cubic cm (g.cc-1) and 
subsequently used to derive total percentage of body fat. 
 
Db equation (Jackson & Pollock, 1978): 
 
𝐷𝑏 = 1.112 − 0.00043499(∑7SKF) +  0.00000055(Σ7SKF)2 −  0.00028826 ∗ (age) 
 
Body fat percentage equation (Siri, 1956): 
 
BF(%) =
4.95
𝐷𝑏 − 4.50
∗ 100 
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Following the collection of anthropometric data, participants rested for 10 min 
before a measurement of resting metabolic rate (RMR) was taken using 
breath-by-breath analysis (Quark CPET, COSMED, Rome, Italy). The 
measurement (15 min) was taken while participants were lying semi-nude in a 
comfortable supine position, wearing a rubber silicone facemask. This was 
conducted in a quiet, thermoneutral environment (25°C/40% RH), which was 
chosen based upon results from numerous pilot tests. In line with 
recommendations on the best practice methods for RMR (Compher et al., 
2006), participants refrained from caffeine, alcohol and vigorous exercise 24 h 
prior and food 1 h prior to the test. 
 
Once all required measurements were recorded, participants were familiarised 
with the protocol and subjective scales to ensure there was no learning effect 
within the main trials. A step-by-step overview of the protocol order was 
explained to each participant and they were able to ask any questions. They 
were then introduced to the subjective scales (detailed previously in Chapter 
3) and instructed on how to interpret them. Several body regions (forehead, 
chest, bicep and quadriceps) were stimulated with the thermal probe 
(described in section 3.3.4) to enable participants to practice rating their 
thermal sensation and to provide them with reference temperatures (10, 20, 
33, 40 and 44°C) across the whole range of innocuous stimuli. 
 
4.3.4. Experimental Protocol 
The two experimental trials (WARM and COLD) were performed in a balanced 
order within a climate controlled room (T.I.S.S. Peak Performance, Series 
2009 Climate Chambers), set at 25°C/40% RH. The entire experimental 
procedure was identical to that of Chapter 3; however in this study the 
temperature of the probe was fixed to 40°C for WARM and 20°C for COLD for 
all 33 body regions. These temperatures were chosen based on previous 
literature (Gerrett et al., 2014) and the study conducted in Chapter 3. As the 
intention of the study was to test innocuous temperatures, it was crucial that 
the probe did not stimulate the pain receptors, thus the temperatures were set 
5°C away from the suggested pain threshold (approximately 45°C and 12-
15°C for warm and cold thresholds, respectively). 
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The same measures as outlined in Chapter 3 were also taken during this 
study, including Tau (infrared ear thermometer), ₸sk (iButtons located on 8 
body regions) and local Tsk (infrared thermometer) and environmental 
temperature/humidity (Testo 435-2 with integrated hot wire probe, Testo Ltd, 
Alton, Hampshire, UK). Participants verbally communicated ratings of thermal 
sensation immediately before (pre thermal sensation), immediately after 
(transient thermal sensation; TTS) and then 10 s after (steady state thermal 
sensation; SSTS) probe application using the same subjective scale as 
Chapter 3. Whole body thermal sensation, comfort and readiness to invest 
mental effort were also recorded every 15 min using subjective scales. 
 
4.3.5. Statistical Analysis 
Statistical analysis was completed using a Microsoft Excel (2010) and 
statistical software package (SPSS version 23.0, IBM, USA). Differences in 
thermal sensitivity and local Tsk between age groups and regions were 
assessed using a two-way ANOVA. The large number of comparisons, given 
the number of zones, may increase the likelihood of inflating type I error and 
so Bonferroni corrections were applied to account for multiple comparisons. 
WARM and COLD body maps were created for each age category depicting 
the regional differences in transient (TTS) and steady state (SSTS) thermal 
sensitivity. Age group differences in participant characteristics and 
environmental conditions were assessed using independent samples t-tests 
and paired samples t-tests were used for within group analysis, between trials. 
Whole body thermal sensation, thermal comfort, Tcore and ₸sk were analysed 
using a two-way ANOVA. Pearson correlations were performed to assess 
relationships between regional skin fold thickness and thermal sensitivity. 
Unless otherwise stated, significance was set at the p < 0.05 level and all data 
will be presented as means ± standard deviation (SD). 
 
4.4. Results 
4.4.1. Participants 
Participants recruited for this study differed in age but were matched for body 
characteristics (Table 4.1). Independent samples t-tests confirmed no 
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significant differences between groups in height, weight, body surface area or 
body fat (p > 0.05). However, the younger group had a significantly higher 
RMR (p < 0.001) than the older group, measured via indirect calorimetry.  
 
Table 4.1. Participant characteristics in each group. *Significantly different to older group. 
Group Age  
(yrs) 
Height  
(cm) 
Body mass 
(kg) 
BSA 
(m2) 
Body fat  
(%) 
RMR  
(W.m-2) 
Young 
(n = 13) 
23 ± 3* 180.3 ± 3.6 80.1 ± 7.1 2.0 ± 0.1 17.5 ± 3.0 57.1 ± 6.7* 
Older 
(n = 13) 
71 ± 8 176.6 ± 7.4 77.6 ± 8.7 1.9 ± 0.1 19.7 ± 2.7 43.0 ± 4.6 
 
 
4.4.2. Environmental Conditions  
During each trial the environmental conditions were controlled and monitored 
in order to maintain a thermoneutral environment of 25°C and 40% RH. There 
were no significant differences between WARM and COLD trials (p > 0.05) or 
between age groups (p > 0.05), indicating that the environmental conditions 
were stable throughout the study (Table 4.2).  
 
 
Table 4.2. Environmental conditions of each trial across all groups. 
Group Air Temperature (°C) Relative Humidity (%) Air Velocity (m.s-1) 
 
WARM COLD WARM COLD WARM COLD 
Young 25.2 ± 0.2 25.2 ± 0.2 39.4 ± 1.0 39.5 ± 0.8 <0.05 <0.05 
Older 25.2 ± 0.1 25.1 ± 0.1 39.6 ± 0.8 39.5 ± 0.9 <0.05 <0.05 
 
 
4.4.3. Whole Body Subjective Responses  
To ensure that all participants remained in a stable and comfortable state, 
whole body subjective ratings (thermal sensation and comfort) were recorded 
every 15 min throughout the trials. It was a criterion of the study for individuals 
to remain within a thermoneutral and comfortable state between slightly warm 
(10) and slightly cool (-10) on the thermal sensation scale and comfortable (1) 
to slightly uncomfortable (3) on the thermal comfort scale. No individual 
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surpassed the subjective rating criteria during the study. There were no 
significant differences in thermal sensation or thermal comfort across time, 
between trials or between groups (p > 0.05) (Figure 4.1 and 4.2), indicating 
that a stable and consistent, comfortable environment was achieved. 
 
 
Figure 4.1. Whole body thermal sensation between groups in both 
WARM and COLD trials.  
 
 
Figure 4.2. Whole body thermal comfort between groups in both WARM 
and COLD trials. 
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4.4.4. Metal Effort 
The mental effort of each participant was assessed using a ‘readiness to 
invest mental effort’ subjective scale ranging from 0 (not ready) to 10 (totally 
ready). There were no overall significant differences in subjective mental effort 
between groups or between WARM (young = 8.1 ± 1.0 v older = 8.3 ± 1.1) 
and COLD (young = 8.0 ± 0.7 v older = 8.3 ± 1.0) trials (p > 0.05). 
 
4.4.5. Body Temperature 
Core Temperature 
Aural temperature (Tau) was used as a measure of core temperature for the 
purpose of this study and was recorded pre- and post-trial. There were no 
significant differences in Tau between pre-post measurements, WARM and 
COLD trials or between age groups (p > 0.05) (Table 4.3). 
 
 
Table 4.3. Pre and post core temperature values in WARM and COLD trials. 
Group Pre-trial Tau (°C) Post-trial Tau (°C) 
 
WARM COLD WARM COLD 
Young 36.8 ± 0.3 36.8 ± 0.3 36.8 ± 0.2 36.8 ± 0.2 
Older 36.6 ± 0.2 36.6 ± 0.2 36.6 ± 0.3 36.6 ± 0.2 
 
 
Mean Skin Temperature 
The ₸sk data (based on the iButtons measurements) analysed in this section is 
taken from a 1 h period during the trial which does not include the stabilisation 
period. Figure 4.3 illustrates that ₸sk remained stable throughout each trial. 
There were no significant differences between WARM and COLD trials within 
age groups (p > 0.05) confirming that participants were in a similar thermal 
state during both trials. However, ₸sk was significantly higher in the younger 
group from 30-60 min, in both the WARM and COLD trials (p < 0.05). The ∆₸sk 
from 0 to 60 min was 0.3°C and 0.1°C in the young and older group, 
respectively. 
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Local Skin Temperature 
Overall local Tsk (average of 33 regions), measured using an infrared 
thermometer, was significantly different between age groups in both the 
WARM (p = 0.01) and COLD (p = 0.02) trials. Local Tsk was significantly higher 
in the young compared to older group at a number of individual body regions 
and this was observed in both WARM (Table 4.4) and COLD trials (Table 4.5). 
However, there were no significant differences within each age group, 
between the WARM and COLD trials (p > 0.05).  
 
 
Figure 4.3. Weighted mean skin temperature (₸sk) for WARM and COLD 
trials between groups. *Significantly different between age groups at the 
highlighted time points. 
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Table 4.4. Local skin temperature (Tsk) measured by infrared thermometer in the WARM trial for all regions tested in the young and older group. 
Significance level between groups are displayed as *p < 0.05, **p < 0.01, ***p < 0.001 (always lower in older group). 
 #Significant difference after Bonferroni correction. 
 WARM trial local skin temperature (°C) Significance 
 YOUNG OLDER between groups 
 Min Max Median Mean SD Min Max Median Mean SD Absolute 
Forehead 34.1 35.9 34.7 34.8 0.5 33.2 35.2 34.4 34.3 0.5 * 
Medial chest 31.3 35.1 33.3 33.4 1.2 30.4 33.8 33.1 32.6 1.0 - 
Palm of hand 30.2 35.1 34.0 33.7 1.3 29.8 34.8 33.9 33.6 1.3 - 
Lateral abdomen 31.5 34.6 32.9 33.0 0.9 30.2 33.6 32.2 32.0 1.2 * 
Knee 28.9 33.2 31.0 31.0 1.3 29.1 32.8 30.4 30.6 1.1 - 
Medial torso 31.7 34.6 33.9 33.7 0.8 30.4 34.2 33.3 33.1 1.0 - 
Cheek 33.8 35.7 34.5 34.7 0.6 33.2 35.4 34.7 34.6 0.7 - 
Bicep 31.8 34.5 33.2 33.1 0.7 30.8 33.6 32.1 32.3 0.9 * 
Midaxillary 32.4 34.8 33.8 33.8 0.8 31.0 34.7 33.2 33.2 1.0 - 
Anterior forearm 32.0 34.4 33.7 33.3 0.8 30.8 34.2 33.2 32.9 1.1 - 
Lateral chest 31.6 34.9 33.5 33.6 0.9 30.9 34.3 33.2 32.9 1.2 - 
Anterior neck 34.2 36.4 35.3 35.3 0.6 34.4 35.7 34.9 35.0 0.4 - 
Lateral torso 32.4 34.8 33.9 33.9 0.7 31.0 34.1 32.7 32.8 0.9 ** 
Triceps 29.2 33.4 32.1 31.9 1.2 30.6 33.1 31.3 31.4 0.8 - 
Suprailiac 30.2 34.3 32.4 32.7 1.5 30.0 33.7 31.5 31.9 1.1 - 
Posterior forearm 32.1 34.0 33.1 33.0 0.6 31.1 33.2 32.4 32.3 0.6 ** 
Medial abdomen 32.1 34.8 33.8 33.5 0.9 29.5 33.6 32.3 32.0 1.2 ** 
Lateral calf 32.0 34.0 32.8 32.8 0.6 31.3 33.1 32.2 32.2 0.5 ** 
Back of hand 29.4 34.0 33.7 33.1 1.2 29.4 34.4 33.0 32.7 1.3 - 
Top of foot 27.9 34.0 30.6 30.6 1.9 29.3 33.5 30.6 30.9 1.2 - 
Medial calf 30.8 33.9 32.5 32.4 0.9 31.3 32.7 31.8 31.9 0.5 - 
Quadriceps 31.2 35.2 33.1 33.1 1.2 31.1 33.9 32.3 32.4 0.9 - 
Upper middle back 33.9 35.6 35.1 35.0 0.4 33.1 35.0 34.3 34.2 0.5 ***# 
Posterior neck 32.8 35.8 35.2 35.1 0.8 33.2 35.6 34.5 34.5 0.6 - 
Lower lateral back 30.4 34.1 32.1 32.3 1.2 28.5 33.6 31.1 31.3 1.3 - 
Sole of foot 25.6 31.8 26.6 27.6 2.1 27.1 30.5 29.3 28.9 1.1 - 
Middle medial back 33.8 35.7 34.5 34.5 0.5 32.7 35.0 33.8 33.7 0.6 - 
Hamstring 30.8 35.4 32.9 33.1 1.2 31.6 33.7 32.7 32.7 0.6 - 
Upper lateral back 32.8 35.4 34.5 34.4 0.7 32.6 35.0 33.4 33.5 0.7 ** 
Posterior knee 31.6 34.1 32.4 32.8 0.9 31.5 32.9 32.3 32.4 0.4 - 
Middle lateral back 31.9 34.9 33.7 33.4 0.9 31.2 34.1 33.1 33.0 0.9 - 
Posterior calf 31.5 34.7 33.1 33.0 1.0 29.5 33.1 32.2 32.0 0.9 * 
Lower medial back 32.4 35.2 33.9 33.9 0.8 31.1 34.0 32.8 32.8 0.8 ** 
Overall 32.5 34.0 33.1 33.2 0.5 31.4 33.5 32.7 32.6 0.6 * 
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Table 4.5. Local skin temperature (Tsk) measured by infrared thermometer in the COLD trial for all regions tested in the young and older group. 
Significance level between groups are displayed as *p < 0.05, **p < 0.01, ***p < 0.001 (always lower in older group). 
 #Significant difference after Bonferroni correction. 
 COLD trial local skin temperature (°C) Significance 
 YOUNG OLDER between groups 
 Min Max Median Mean SD Min Max Median Mean SD Absolute 
Forehead 33.6 35.5 35.1 34.9 0.6 32.9 34.8 34.1 34.0 0.6 ** 
Medial chest 31.7 35.5 33.0 33.2 1.0 31.0 33.7 32.6 32.5 0.8 - 
Palm of hand 32.5 34.8 34.1 33.8 0.7 32.1 35.1 34.1 33.7 1.1 - 
Lateral abdomen 31.8 34.5 32.7 33.0 0.9 30.6 33.2 32.4 32.4 0.7 - 
Knee 29.0 33.8 30.7 30.9 1.2 28.0 33.0 30.5 30.5 1.6 - 
Medial torso 32.1 35.0 33.9 33.7 0.8 31.7 33.8 33.0 32.9 0.8 * 
Cheek 33.5 35.6 34.8 34.7 0.8 32.5 35.7 34.6 34.5 0.8 - 
Bicep 31.4 34.5 33.1 33.0 0.8 31.4 33.4 32.4 32.4 0.6 - 
Midaxillary 32.0 34.2 33.4 33.4 0.6 32.0 34.2 33.1 33.1 0.7 - 
Anterior forearm 32.3 34.4 33.5 33.5 0.6 26.8 34.1 33.0 32.5 1.9 - 
Lateral chest 31.9 34.6 33.5 33.5 0.7 31.5 33.9 32.6 32.7 0.7 ** 
Anterior neck 34.4 36.0 35.6 35.3 0.5 34.4 35.9 35.3 35.1 0.4 - 
Lateral torso 32.8 35.0 33.8 33.7 0.6 31.5 34.4 33.2 33.2 0.9 - 
Triceps 30.7 33.1 32.2 32.1 0.7 30.8 32.3 31.7 31.6 0.5 * 
Suprailiac 30.7 34.5 32.5 32.4 1.4 30.3 33.7 31.9 32.0 1.0 - 
Posterior forearm 32.2 33.7 33.0 33.0 0.5 31.2 33.6 32.3 32.3 0.7 * 
Medial abdomen 32.0 34.9 33.7 33.4 1.0 30.2 33.0 32.5 32.2 0.8 ** 
Lateral calf 31.3 34.2 32.6 32.6 0.8 30.6 33.0 32.3 32.0 0.7 - 
Back of hand 31.7 34.4 33.1 33.1 0.8 30.2 34.4 32.9 32.4 1.3 - 
Top of foot 28.8 33.0 30.3 30.8 1.5 27.3 33.8 31.0 31.2 1.6 - 
Medial calf 30.9 33.0 32.2 32.1 0.6 31.1 32.9 32.3 32.2 0.6 - 
Quadriceps 30.4 34.7 32.7 32.6 1.3 30.6 33.3 32.5 32.4 0.7 - 
Upper middle back 33.6 35.9 35.1 35.0 0.7 33.3 34.9 34.2 34.1 0.4 ***# 
Posterior neck 33.9 35.9 35.2 35.2 0.6 33.8 35.6 34.6 34.6 0.6 * 
Lower lateral back 30.5 35.0 32.3 32.4 1.1 30.2 33.5 31.2 31.6 1.2 - 
Sole of foot 25.9 32.5 27.6 28.2 1.8 26.4 33.1 29.1 29.3 1.7 - 
Middle medial back 33.0 43.2 34.7 35.0 2.5 33.1 34.3 33.8 33.7 0.4 - 
Hamstring 31.4 34.5 33.1 33.1 0.8 31.8 33.7 32.6 32.6 0.6 - 
Upper lateral back 31.9 35.1 34.9 34.4 0.9 32.2 34.5 33.8 33.5 0.7 - 
Posterior knee 31.3 33.8 32.7 32.7 0.9 31.2 33.6 32.3 32.3 0.6 - 
Middle lateral back 31.5 34.3 33.3 33.2 0.8 31.6 34.3 32.8 32.8 0.8 - 
Posterior calf 31.2 34.2 32.8 32.8 1.1 29.4 33.2 32.0 32.0 1.0 - 
Lower medial back 31.9 35.4 33.5 33.6 1.1 31.6 34.1 33.1 32.8 0.7 * 
Overall 32.2 34.2 33.3 33.2 0.9 31.7 33.5 32.7 32.6 0.5 * 
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4.4.6. Overall Thermal Sensitivity (all body regions) 
Pre-sensation 
Ratings of thermal sensation given by the participants prior to the warm and 
cold stimuli were recorded for each region (pre-sensation). As shown in Figure 
4.4, overall pre-sensation (average of 33 regions) was close to neutral and not 
significantly different between young and older age groups (p > 0.05). There 
were also no significant differences in pre-sensation between WARM or COLD 
trials within in each group (p > 0.05). 
 
Transient Thermal Sensation (TTS) 
The rating of initial thermal sensation given immediately after the stimulus was 
applied to the skin is referred to as transient thermal sensation (TTS). Overall 
TTS was not significantly different between age groups (p > 0.05) as shown in 
Figure 4.4. 
 
Steady State Thermal Sensation (SSTS) 
The rating given 10 s after the stimulus was applied to the skin is referred to 
as steady state thermal sensation (SSTS). Similarly to TTS, SSTS was not 
significantly different between age groups (p > 0.05) as shown in Figure 4.4. 
 
 
Figure 4.4. Overall (average of all body regions) pre sensation 
(PRE), transient thermal sensation (TTS) and steady state thermal 
sensation (SSTS) between groups for both WARM and COLD trials. 
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Thermal Sensation from TTS to SSTS  
The change from overall TTS to SSTS was significantly different for the young 
group in the WARM trial (p = 0.02) and for the older group in both the WARM 
(p = 0.001) and COLD (p = 0.001) trials. In all cases, the SSTS response 
decreased towards neutral compared to TTS (Figure 4.5). The change from 
TTS to SSTS was not significantly different between groups in the WARM or 
COLD trial (p > 0.05), i.e. no interaction effect was present. 
 
 
Figure 4.5. Transient thermal sensation (TTS) to steady state 
thermal sensation (SSTS) between groups in both WARM and 
COLD trials. *Significantly different from TTS. 
 
 
4.4.7. Regional Thermal Sensitivity 
For each age group, the mean thermal sensitivity rating for each body region 
is portrayed in the body maps below for TTS and SSTS in the WARM (Figure 
4.6) and COLD trial (Figure 4.7). Thermal sensitivity descriptive statistics are 
shown in Table 4.6-4.9 for both groups in the WARM and COLD trials. 
 
WARM TTS 
Warm TTS differed slightly between groups but was only significantly different 
at 2 body regions. Significantly higher ratings were observed in the younger 
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group at the top of the foot (p = 0.01) and the lateral torso (p = 0.01) when 
compared to the older group. The most sensitive region to WARM was the 
lateral torso and lateral abdomen in the young group and the posterior neck, 
suprailiac and lower lateral back in the older group. The least sensitive was 
the top of the foot in both age groups followed by the lateral calf in the young 
group and the sole of the foot in the older group. 
 
WARM SSTS 
Warm SSTS differed significantly between groups at 2 body regions as the top 
of the foot (p = 0.002) and sole of the foot (p = 0.01) were rated as more 
sensitive in the young compared to the older group. The most sensitive and 
least sensitive body regions for SSTS were the same as TTS. 
 
COLD TTS 
In response to a cold stimulus, there was only one significant difference 
observed between groups as the sole of the foot was more sensitive in the 
young compared to the older group (p = 0.03). The most sensitive regions to 
COLD were the lateral torso and suprailiac and the least sensitive regions 
were the top of the foot and palm of the hand in both age groups. 
 
COLD SSTS 
Similarly, for SSTS there was only one body region that significantly differed 
between groups as the top of the foot was rated less sensitive in the older 
group compared to the young (p = 0.04). The most and least sensitive regions 
for SSTS were the same as TTS in both age groups. 
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Figure 4.6. Whole body maps depicting the transient (TTS) and steady state 
(SSTS) thermal sensation to a WARM stimulus (40°C) in the young and older 
group. For this figure it was assumed that left and right body halves responded 
identically. 
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Figure 4.7. Whole body maps depicting the transient (TTS) and steady state 
(SSTS) thermal sensation to a COLD stimulus (20°C) in the young and older 
group. For this figure it was assumed that left and right body halves responded 
identically. 
 
 
121 
 
Table 4.6. WARM transient thermal sensation (TTS) for all regions tested in the young and older group. Significance level between groups are 
displayed as *p < 0.05, **p < 0.01, ***p < 0.001 (always more sensitive in young). #Significant difference after Bonferroni correction. 
 
 WARM Transient Thermal Sensation (TTS) Significance 
 YOUNG OLDER between groups 
 Min Max Median Mean SD Min Max Median Mean SD Absolute 
Forehead 19.5 36.0 25.0 25.7 5.3 14.0 32.5 24.0 24.8 5.2 - 
Medial chest 16.0 38.5 27.5 27.3 6.5 18.0 30.0 24.5 24.1 3.6 - 
Palm of hand 12.0 33.0 20.0 21.0 5.7 13.5 30.0 20.0 21.1 4.9 - 
Lateral abdomen 24.0 41.5 30.0 30.5 5.4 19.0 35.0 27.5 27.2 4.0 - 
Knee 10.0 29.5 22.0 21.6 6.4 15.0 32.5 21.0 22.5 4.9 - 
Medial torso 10.0 36.0 25.0 25.5 6.9 11.0 28.5 25.0 23.3 5.1 - 
Cheek 10.0 37.5 24.0 23.3 8.4 15.0 35.0 25.0 24.1 5.5 - 
Bicep 17.5 35.5 22.5 24.2 4.4 17.0 30.0 21.5 23.2 4.1 - 
Midaxillary 22.0 38.5 29.5 29.6 5.0 20.0 35.0 27.5 27.3 4.2 - 
Anterior forearm 18.0 37.0 26.0 26.6 5.8 15.0 30.0 23.0 23.0 4.7 - 
Lateral chest 19.0 41.5 29.0 29.3 5.9 19.0 32.5 27.0 26.8 3.6 - 
Anterior neck 14.0 42.5 27.5 27.9 7.7 17.5 32.5 27.5 26.4 3.9 - 
Lateral torso 27.5 44.0 30.0 31.8 4.5 19.0 32.5 27.5 27.4 3.4 * 
Triceps 14.0 29.0 19.0 20.4 4.8 16.5 30.0 22.5 22.8 4.0 - 
Suprailiac 20.5 41.5 28.0 29.3 6.2 18.0 32.5 30.0 28.5 3.9 - 
Posterior forearm 12.0 26.5 16.0 18.0 5.0 14.0 28.5 20.0 21.0 4.4 - 
Medial abdomen 20.0 34.5 28.0 26.6 4.4 18.0 31.0 25.0 25.1 4.4 - 
Lateral calf 11.0 25.5 16.5 17.5 4.7 7.5 25.0 20.0 18.1 6.0 - 
Back of hand 10.0 34.0 20.0 20.4 6.9 3.5 27.5 17.0 17.2 6.7 - 
Top of foot 6.0 30.5 17.0 17.4 7.2 4.0 18.0 10.0 10.5 4.6 * 
Medial calf 10.0 34.0 20.0 19.5 6.7 3.0 26.0 15.0 15.8 7.4 - 
Quadriceps 11.5 32.0 22.5 23.0 5.5 10.0 30.0 21.5 21.3 7.3 - 
Upper middle back 15.0 40.5 24.0 24.0 7.0 17.0 32.5 25.0 24.8 4.1 - 
Posterior neck 17.5 39.0 25.5 26.3 6.5 19.0 35.0 30.0 28.5 4.5 - 
Lower lateral back 22.0 41.5 28.0 28.2 4.9 17.5 35.0 29.0 27.8 4.1 - 
Sole of foot 4.5 35.0 20.0 19.8 7.8 4.0 21.0 16.0 14.3 6.1 - 
Middle medial back 15.0 39.5 23.5 23.6 6.5 13.5 30.0 25.0 24.3 4.7 - 
Hamstring 13.0 45.0 27.5 26.7 8.2 17.0 31.0 25.0 24.0 4.5 - 
Upper lateral back 16.5 37.0 25.0 25.3 6.0 13.5 32.5 24.0 24.0 5.8 - 
Posterior knee 8.0 41.0 21.5 22.8 9.9 14.5 30.0 22.0 21.7 5.1 - 
Middle lateral back 22.5 44.0 27.5 28.8 5.8 17.5 34.0 26.5 25.5 4.9 - 
Posterior calf 8.0 35.5 19.0 19.2 7.4 11.0 26.5 20.0 19.5 5.0 - 
Lower medial back 15.0 43.5 27.5 27.6 8.0 18.0 32.5 25.5 26.3 3.9 - 
Overall 18.1 34.7 25.0 24.5 4.9 16.3 29.3 22.8 23.1 3.6 - 
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Table 4.7. WARM steady state thermal sensation (SSTS) for all regions tested in the young and older group. Significance level between groups 
are displayed as *p < 0.05, **p < 0.01, ***p < 0.001 (always more sensitive in young). #Significant difference after Bonferroni correction. 
 
 WARM Steady State Thermal Sensation (SSTS) Significance 
 YOUNG OLDER between groups 
 Min Max Median Mean SD Min Max Median Mean SD Absolute 
Forehead 13.0 37.0 21.5 22.7 6.4 12. 32.5 20.5 22.6 6.3 - 
Medial chest 16.0 40.5 23.5 25.4 6.9 10.0 25.5 20.0 19.8 4.9 - 
Palm of hand 6.0 35.0 20.0 20.5 6.9 11.0 30.0 20.0 19.0 5.9 - 
Lateral abdomen 20.5 44.0 25.5 28.0 7.2 16.0 30.0 25.0 24.5 4.2 - 
Knee 11.0 31.5 20.0 20.8 7.2 7.5 28.0 19.0 19.0 6.3 - 
Medial torso 15.0 38.5 22.5 24.2 7.0 12.5 26.0 20.0 19.9 4.3 - 
Cheek 5.0 39.5 22.0 22.0 8.8 13.0 31.5 20.0 21.0 6.3 - 
Bicep 15.0 38.0 21.0 21.9 6.2 10.0 27.5 19.0 19.2 5.3 - 
Midaxillary 19.5 38.0 26.5 26.7 5.1 17.0 27.5 24.0 22.7 4.2 - 
Anterior forearm 15.5 41.0 23.0 24.5 6.8 12.0 28.0 20.0 19.8 5.4 - 
Lateral chest 17.0 38.5 26.0 25.8 6.3 15.0 28.0 25.0 22.8 4.4 - 
Anterior neck 17.0 43.0 25.5 26.7 8.1 15.5 35.0 22.5 24.0 4.8 - 
Lateral torso 19.0 45.5 28.0 29.0 6.7 16.0 32.5 23.0 23.8 4.4 - 
Triceps 5.0 28.0 19.0 18.7 6.8 12.0 29.0 20.0 19.8 5.5 - 
Suprailiac 17.5 42.0 24.5 25.6 6.9 14.5 37.5 27.0 25.8 5.6 - 
Posterior forearm 10.0 25.5 15.0 17.0 5.0 10.5 27.0 15.0 17.5 5.4 - 
Medial abdomen 15.0 37.5 27.0 25.1 5.8 10.0 28.5 22.0 20.8 5.2 - 
Lateral calf 10.0 29.0 15.0 17.1 6.0 1.0 25.0 18.0 15.0 7.7 - 
Back of hand 5.0 39.0 17.5 19.0 9.0 0.0 24.0 15.0 14.8 7.6 - 
Top of foot 7.0 30.5 15.0 16.9 6.8 0.0 18.0 9.5 8.6 4.8 ** 
Medial calf 11.5 36.5 20.5 19.7 7.3 0.0 24.0 14.0 13.5 7.8 - 
Quadriceps 11.5 31.5 22.5 21.8 6.6 3.5 28.0 20.0 18.7 8.0 - 
Upper middle back 11.5 40.5 23.0 23.3 8.2 11.5 27.5 22.0 20.7 5.4 - 
Posterior neck 11.0 40.5 25.0 25.7 8.1 16.5 35.0 29.0 26.5 6.3 - 
Lower lateral back 12.0 43.0 25.0 26.0 7.6 14.5 30.0 25.0 24.5 4.9 - 
Sole of foot 4.0 36.0 20.0 19.2 8.4 0.0 20.0 11.0 11.0 6.4 ** 
Middle medial back 12.5 41.0 23.0 22.8 7.6 8.0 30.0 22.0 20.3 6.2 - 
Hamstring 12.0 45.0 26.0 24.5 9.4 15.0 27.5 20.0 21.6 4.3 - 
Upper lateral back 11.0 39.0 20.0 21.6 8.6 7.5 30.0 21.0 20.4 6.8 - 
Posterior knee 9.5 41.0 18.0 20.0 9.9 11.5 27.0 20.0 18.8 5.0 - 
Middle lateral back 15.0 46.0 24.5 26.2 8.8 9.0 30.0 22.0 21.7 6.7 - 
Posterior calf 10.5 40.5 17.5 18.6 8.0 7.5 25.0 15.0 15.9 6.2 - 
Lower medial back 13.5 40.5 26.0 26.0 8.1 14.0 28.0 25.0 22.6 4.5 - 
Overall 15.5 35.5 22.6 22.8 6.4 12.9 25.2 20.6 19.9 4.6 - 
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Table 4.8. COLD transient thermal sensation (TTS) for all regions tested in the young and older group. Significance level between groups are 
displayed as *p < 0.05, **p < 0.01, ***p < 0.001 (always more sensitive in young). #Significant difference after Bonferroni correction. 
 
 COLD Transient Thermal Sensation (TTS) Significance 
 YOUNG OLDER between groups 
 Min Max Median Mean SD Min Max Median Mean SD Absolute 
Forehead -15.0 -41.0 -25.5 -26.6 6.7 -16.0 -35.0 -25 -24.6 5.4 - 
Medial chest -18.0 -35.0 -25.5 -26.3 6.6 -10.0 -31.0 -27.5 -25.6 6.2 - 
Palm of hand -10.0 -36.5 -20.5 -20.9 6.9 -10.0 -30.0 -20 -20.2 5.3 - 
Lateral abdomen -24.0 -43.0 -30.5 -32.4 6.0 -25.0 -37.5 -32.5 -32.5 4.2 - 
Knee -10.0 -45.5 -27.0 -27.7 9.2 -12.5 -34.0 -27.5 -26.5 5.7 - 
Medial torso -20.0 -42.0 -28.0 -29.1 5.9 -17.5 -36.5 -30 -29.0 5.5 - 
Cheek -20.0 -45.0 -26.5 -28.7 7.7 -15.0 -38.0 -25 -25.6 7.2 - 
Bicep -18.0 -36.5 -27.5 -26.7 6.3 -17.5 -36.5 -27.5 -26.7 5.4 - 
Midaxillary -25.0 -44.0 -30.0 -32.9 6.9 -22.5 -39.0 -35 -33.2 4.8 - 
Anterior forearm -13.5 -32.5 -29.0 -25.5 6.7 -15.0 -35.0 -30 -27.5 5.7 - 
Lateral chest -22.5 -40.0 -30.0 -31.6 4.9 -16.5 -37.5 -32 -30.8 5.8 - 
Anterior neck -22.5 -35.0 -28.0 -28.2 4.3 -12.5 -35.0 -30 -28.0 6.4 - 
Lateral torso -30.0 -48.0 -34.0 -36.4 6.1 -26.5 -42.5 -35 -34.6 4.2 - 
Triceps -18.0 -35.0 -25.0 -24.5 5.9 -15.0 -40.0 -27.5 -27.9 7.0 - 
Suprailiac -26.5 -45.0 -34.0 -36.3 6.1 -27.0 -40.0 -34.5 -34.1 4.6 - 
Posterior forearm -12.0 -30.0 -24.0 -22.3 6.3 -15.0 -37.0 -25 -26.6 6.4 - 
Medial abdomen -13.0 -42.0 -30.0 -29.3 7.9 -17.5 -37.5 -30 -30.3 6.2 - 
Lateral calf -15.5 -42.0 -24.5 -24.8 7.0 -10.0 -35.0 -29.5 -25.8 8.6 - 
Back of hand -10.0 -31.5 -22.5 -21.6 7.1 -10.0 -30.0 -23 -21.8 5.9 - 
Top of foot -8.0 -32.5 -17.0 -18.0 7.0 -2.0 -21.5 -20 -16.1 5.9 - 
Medial calf -17.5 -37.0 -22.5 -24.1 6.3 -10.0 -34.0 -22.5 -22.4 7.7 - 
Quadriceps -20.0 -42.0 -30.0 -30.7 6.2 -20.0 -38.0 -32.5 -30.5 5.5 - 
Upper middle back -25.0 -37.5 -29.0 -29.7 3.4 -20.0 -40.0 -30 -29.7 5.6 - 
Posterior neck -18.0 -34.0 -27.0 -26.0 4.8 -17.5 -36.5 -30 -28.6 6.3 - 
Lower lateral back -28.0 -44.5 -34.0 -33.5 4.7 -25.0 -40.0 -30.5 -31.8 4.7 - 
Sole of foot -7.5 -47.5 -27.0 -27.0 9.5 -0.5 -32.5 -20 -18.7 8.4 * 
Middle medial back -25.0 -40.0 -33.5 -32.4 4.7 -20.0 -41.0 -34 -32.6 5.9 - 
Hamstring -23.0 -48.0 -32.0 -33.5 7.1 -20.0 -39.0 -32.5 -30.7 6.1 - 
Upper lateral back -23.5 -42.0 -31.0 -31.0 5.0 -22.5 -38.0 -32.5 -31.7 4.7 - 
Posterior knee -12.0 -32.5 -27.5 -24.9 6.2 -10.0 -38.0 -30 -28.3 8.5 - 
Middle lateral back -30.0 -42.0 -33.0 -34.8 4.3 -26.5 -41.5 -33 -33.2 4.1 - 
Posterior calf -15.0 -35.5 -26.5 -26.3 6.6 -10.0 -35.0 -25 -25.5 8.3 - 
Lower medial back -23.5 -43.5 -31.0 -30.9 5.4 -20.0 -40.0 -33.5 -32.6 5.5 - 
Overall -22.7 -36.4 -28.9 -28.3 4.1 -17.3 -34.3 -29.3 -28.0 4.7 - 
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Table 4.9. COLD steady state thermal sensation (SSTS) for all regions tested in the young and older group. Significance level between groups 
are displayed as *p < 0.05, **p < 0.01, ***p < 0.001 (always more sensitive in young). #Significant difference after Bonferroni correction. 
 
 COLD Steady State Thermal Sensation (SSTS) Significance 
 YOUNG OLDER between groups 
 Min Max Median Mean SD Min Max Median Mean SD Absolute 
Forehead -13.5 -43.0 -26.0 -26.3 7.6 -12.5 -37.5 -21.0 -21.6 6.3 - 
Medial chest -15.0 -32.5 -28.0 -25.2 6.0 -7.5 -32.5 -25.0 -23.3 7.7 - 
Palm of hand -5.0 -35.8 -22.0 -19.3 9.5 -5.0 -30.0 -18.0 -18.7 6.4 - 
Lateral abdomen -17.5 -43.0 -31.5 -30.8 7.0 -15.0 -35.5 -29.0 -28.3 5.6 - 
Knee -9.5 -44.5 -28.0 -26.9 10.2 -7.5 -33.5 -25.0 -24.5 6.6 - 
Medial torso -16.5 -39.0 -28.5 -28.2 6.2 -10.0 -32.5 -27.5 -25.7 7.5 - 
Cheek -11.0 -42.0 -28.5 -28.2 8.6 -10.0 -35.0 -21.5 -23.0 8.0 - 
Bicep -16.0 -35.5 -27.5 -26.0 6.7 -12.5 -33.0 -25.0 -24.1 6.7 - 
Midaxillary -24.0 -45.5 -35.0 -33.4 5.9 -15.0 -35.0 -30.0 -28.9 6.2 - 
Anterior forearm -12.5 -40.0 -29.0 -26.8 9.1 -12.5 -35.0 -25.5 -24.4 5.8 - 
Lateral chest -24.0 -43.5 -30.5 -31.5 5.1 -14.0 -35.5 -30.0 -28.3 6.9 - 
Anterior neck -20.0 -40.0 -27.5 -26.9 5.8 -7.5 -37.5 -25.5 -25.1 8.2 - 
Lateral torso -28.3 -47.0 -34.0 -36.2 4.7 -20.0 -41.0 -34.0 -31.7 6.6 - 
Triceps -10.0 -38.5 -25.0 -23.9 9.0 -15.0 -41.0 -27.0 -27.4 6.3 - 
Suprailiac -21.0 -44.0 -32.0 -33.4 6.3 -24.5 -36.5 -32.0 -31.0 4.3 - 
Posterior forearm -12.0 -39.8 -24.0 -23.4 9.1 -12.5 -36.5 -25.0 -24.6 6.0 - 
Medial abdomen -17.5 -44.5 -32.0 -30.6 7.0 -7.5 -34.5 -28.0 -26.3 8.4 - 
Lateral calf -8.0 -41.0 -26.0 -24.1 9.8 -5.0 -34.5 -26.0 -23.4 10.1 - 
Back of hand -5.0 -36.0 -22.0 -21.5 8.6 -5.0 -29.0 -21.5 -20.0 6.6 - 
Top of foot -2.0 -29.5 -20.0 -17.6 7.7 0.0 -20.0 -14.5 -11.9 6.0 * 
Medial calf -10.0 -37.5 -21.5 -23.5 8.9 -3.5 -36.5 -21.0 -20.4 9.8 - 
Quadriceps -21.0 -41.3 -28.5 -30.4 6.8 -12.5 -38.0 -30.0 -26.8 8.1 - 
Upper middle back -20.0 -40.0 -28.0 -27.8 5.8 -10.0 -35.0 -29.5 -27.1 7.8 - 
Posterior neck -18.0 -33.5 -29.0 -27.0 5.4 -12.5 -36.5 -29.5 -26.7 7.6 - 
Lower lateral back -21.0 -46.0 -28.0 -30.4 6.6 -10.0 -37.0 -30.0 -28.5 7.2 - 
Sole of foot -6.0 -38.0 -24.0 -24.3 9.4 0.0 -37.5 -20.5 -18.5 10.5 - 
Middle medial back -22.0 -38.5 -32.0 -30.0 5.2 -10.0 -35.0 -30.0 -27.7 8.1 - 
Hamstring -20.0 -48.0 -32.0 -32.5 9.2 -17.5 -41.0 -30.0 -29.6 7.1 - 
Upper lateral back -20.0 -37.8 -28.0 -28.1 5.6 -12.5 -36.0 -30.0 -28.2 6.4 - 
Posterior knee -14.5 -37.3 -29.0 -26.3 7.7 -5.0 -36.5 -26.0 -25.0 8.7 - 
Middle lateral back -15.0 -41.5 -32.0 -30.6 6.4 -12.5 -38.5 -31.0 -29.6 7.0 - 
Posterior calf -15.0 -38.0 -25.5 -26.5 8.6 -3.5 -35.0 -25.5 -24.4 9.4 - 
Lower medial back -25.0 -36.8 -29.0 -30.0 3.9 -12.5 -38.5 -31.5 -30.4 7.3 - 
Overall -19.7 -35.5 -28.5 -27.5 5.5 -11.2 -31.7 -26.5 -25.3 6.3 - 
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4.4.8. Inter-Individual Sensitivity Variation 
Further analysis was conducted to assess the variation in sensitivity within 
each age group (inter-individual variation) using box plots (Figure 4.8 and 4.9). 
Age differences were observed for numerous body regions in which younger 
individuals showed a greater inter-individual variation (larger variation from the 
median value) compared to the older group in WARM and COLD trials. For 
WARM TTS, variation differences were observed at 33% of the body regions 
assessed (medial chest, palm of the hand, cheek, lateral chest, anterior neck, 
suprailiac, top of the foot, medial middle back, hamstring, posterior knee and 
lower middle back) whereas this was only evident at 24% of regions for 
WARM SSTS (medial torso, triceps, top of the foot, upper middle back, lower 
lateral back, hamstring, posterior knee, lower middle back).  
 
While only 8% of body regions showed greater variation in the younger group 
for COLD TTS (medial chest, lateral abdomen, anterior knee, medial torso, 
lateral torso and the hand), for COLD SSTS over 30% of regions 
demonstrated this (palm of the hand, anterior knee, medial torso, 
anterior/posterior forearm, triceps, medial abdomen, hand, upper middle back 
and posterior calf) and the differences in distribution for young Vs older groups 
is stronger than for warm.  
 
The boxplots below highlight selected regions from the WARM (foot, 
hamstring, posterior knee, lower mid back) and COLD (knee, medial torso, 
hand) trials in which the inter-individual trend was evident in both the TTS and 
SSTS response. The majority of the remaining regions showed no obvious 
difference with similar trends in both age groups. 
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Figure 4.8. Boxplots showing the inter-individual variation within groups in 
the WARM trial. The box indicates the interquartile range, the horizontal 
line is the median value and the whiskers indicate the variation outside of 
the upper and lower quartiles 
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4.4.9. Body Fat Estimation from Skin Fold Thickness 
Body fat percentage was estimated from skin fold thickness measurements 
(see equation in section 4.3.3) and compared between groups. There was no 
significant difference (p > 0.05) in body fat percentage between the young 
(14.2 ± 4.8%) and older age group (17.3 ± 3.8%). 
 
 Figure 4.9. Boxplots showing the inter-individual variation within groups in 
the COLD trial. The box indicates the interquartile range, the horizontal line is 
the median value and the whiskers indicate the variation outside of the upper 
and lower quartiles. 
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4.4.10. Regional Thermal Sensitivity and Skin Fold Thickness 
Pearson correlations were performed to assess the relationship between 
thermal sensitivity and skin fold thickness at specific regions in both WARM 
and COLD trials (chest, abdomen, thigh, triceps, subscapular, suprailiac, 
midaxillary, bicep, calf, forearm and lower back). No relationship between 
WARM or COLD sensitivity and skin fold thickness was observed at any of the 
11 body regions assessed when both combining young and older data and 
analysing separately (p > 0.05).  
 
4.5. Discussion 
Regional thermal sensitivity to a warm and cold stimulus has been assessed 
previously in young individuals, including the study outlined in Chapter 3 of 
this thesis. However, whole body thermal sensitivity data in older individuals is 
currently lacking. Therefore, the aim of this study was to investigate the 
regional and age-related differences in thermal sensitivity (by magnitude 
estimation) to a WARM (40°C) and COLD (20°C) fixed temperature stimulus, 
under thermoneutral resting conditions. The first whole body maps were 
created for both a young and older population group providing a visual 
representation of the observations. The main findings were that there were no 
overall differences in thermal sensitivity (pre, TTS and SSTS) to WARM and 
COLD between young and older individuals for the groups studied. However, 
consistent age-related differences were observed at the foot region with older 
individuals reporting significantly lower sensitivity ratings for the top (WARM 
TTS, SSTS and COLD SSTS) and sole of the foot (WARM TTS and COLD 
TTS). Furthermore, inter-individual variation in sensation magnitude scores 
was greater in the younger group at a large number of body regions, 
suggesting that this may decline with age.  
 
4.5.1. Overall Thermal Sensitivity (all body regions) 
Prior to the thermal stimulus being applied to the skin, participants rated their 
thermal sensitivity of each body region (pre-sensation). There were no 
differences in overall pre-sensation between age groups or between WARM 
and COLD trials in the present study (Figure 4.4). This is consistent with the 
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whole body subjective data which also shows no difference between age 
groups or trials in thermal sensation and comfort at 15 min intervals (Figure 
4.1 and 4.2). No difference between age groups in local and whole body 
subjective data suggests that both groups perceived themselves to be in a 
similar thermal state during the trials. Conversely, significant differences in 
both mean and local Tsk were evident between the young and older group. 
Although speculative, this may be explained by the decreased ability of older 
individuals to perceive small changes in peripheral temperatures such as the 
0.5°C difference in Tsk in this study. In support of this, previous research in this 
area has demonstrated that although young and older individuals prefer 
similar ambient temperatures, older individuals required a greater temperature 
stimulus before behaviourally adjusting ambient temperature and were less 
likely to make a change (or complain) compared to the younger group (Collins 
et al., 1981; Taylor et al., 1995).  
 
After the stimulus was applied to the skin, individuals rated their sensitivity 
immediately (TTS) and again after 10 s of contact (SSTS). When comparing 
overall thermal sensitivity (average of all 33 body regions) between age 
groups, older individuals were slightly less sensitive compared to the younger 
group for both TTS and SSTS (Figure 4.4) in the WARM or COLD trial, 
however these differences were not significant. The absence of significance 
between groups may be due to a number of factors, including the large inter-
individual variations within groups in the sensitivity responses, which will be 
addressed below. 
 
4.5.2. Regional Differences 
Body maps of thermal sensitivity to WARM and COLD in both age groups 
were created to illustrate the regional differences observed in this study 
(Figure 4.6 and 4.7). In line with previous research (method of limits and 
magnitude estimation) and the findings from Chapter 3, regional differences 
over the body surface were evident in both age groups (Stevens et al., 1974; 
Stevens & Choo, 1998; Ouzzahra et al., 2012; Gerrett et al., 2014, 2015; 
Inoue et al., 2016). 
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Most and Least Sensitive 
Consistently within the literature it has been shown that the torso and head 
region are the most sensitive, whereas the extremities are significantly less 
sensitive (Stevens et al., 1974; Stevens, 1979; Dufour & Candas, 2007; 
Gerrett et al., 2014, 2017; Inoue et al., 2016). This has been suggested to be 
due to the disproportional number of thermoreceptors located in these 
regions, with a reduced distribution at the extremities compared to the head 
and torso (Lee & Tamura, 1995). In the present study the most sensitive body 
segment was the torso, followed by the head, arms and legs in the WARM trial 
in the young group. However, in the older group, the head was more sensitive 
than the torso. In response to COLD, the legs were more sensitive than the 
arms in the young group and the head was again more sensitive than the 
torso in the older group. Although differing in order between the young and 
older age group, the head and torso regions were more sensitive than the 
arms and legs. This follows a pattern that is consistent with the idea of a 
protective mechanism, whereby the body regions (head and torso) that 
surround the vital organs (brain, heart, lungs) are perceived as the most 
sensitive areas (Nakamura et al., 2008; Gerrett et al., 2014, 2015), as 
discussed in Chapter 3.  
 
Age-related differences in the most sensitive regions to warmth were 
observed in the present study. The neck was more sensitive in older 
individuals followed by the suprailiac, whereas in the young the lateral torso 
and lateral abdomen had the highest ratings for both TTS and SSTS. High 
sensitivity ratings observed for the lateral torso region may be a result of a 
dual-stimulation of the thermo- and tactile receptors as this region is especially 
sensitive to touch and often deemed the most ‘ticklish’ area of the body 
(Ouzzahra et al., 2012; Gerrett et al., 2015, 2017). However, an age-related 
decline in touch sensation (Wickremaratchi & Llewelyn, 2006), potentially 
dampening this dual-stimulation phenomenon, may provide a possible 
explanation as to why this was not the most sensitive area for SSTS in the 
older group. In a previous study, older individuals demonstrated significantly 
lower sensitivity to mechanical stimuli (tactile and vibration), which may 
support this theory (Kenshalo, 1986). Conversely, the higher sensitivity in the 
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neck region in the older group may again be related to the protective 
mechanism mentioned previously. An impaired ability to maintain a thermal 
balance as we age may trigger higher sensitivity to warmth at areas such as 
the neck, in order to protect major blood vessels and regulate blood 
temperature to the brain. These findings were not evident in the COLD trial as 
sensitivity to a cold stimulus was more homogenous between groups, in 
agreement with the literature (Guergova & Dufour, 2011). This may be related 
to the fact that our thermal physiology is asymmetrical and core body 
temperature is positioned closer to the ‘upper survival limit’ compared with the 
lower limit (Romanovsky, 2007). Consequently, overheating is physiologically 
much more dangerous than overcooling which could partly explain the 
disparity between WARM and COLD trials in the present study. 
 
The lower segments of the extremities (lower legs/arms, hands and feet) were 
the least sensitive in both age groups, when compared to the upper segments 
of the extremities and the torso and head. This finding may be elucidated by 
the length of the peripheral nerve fibres in the extremities, with longer nerves 
being more vulnerable (Gerr & Letz, 1994; Deshpande et al., 2008), hence the 
proximal-distal decline in sensitivity in both age groups. Moreover, it is 
interesting to highlight this theory in light of the age-related sensitivity decline 
at the foot region observed in the present study. In agreement with the current 
findings, the foot region is commonly found to be less sensitive in older 
individuals when compared to their younger counterparts (Bertelsmann et al., 
1985; Kenshalo, 1986; Lautenbacher & Strian, 1991a; Meh & Denislic, 1994; 
Stevens & Choo, 1998; Harju, 2002; Inoue et al., 2016). It could be proposed 
that the longer ‘more vulnerable’ nerve fibres, disseminating to the foot region, 
become damaged and deteriorate at a faster rate with age, thus explaining the 
loss of sensitivity in older individuals. Guergova & Dufour, (2011) suggested 
an age-dependent slowing in axonal transport, resulting in a loss of 
regenerative capacities and distal axonopathy (peripheral nerve disorder) as a 
potential mechanistic explanation. This may influence thermal threshold more 
than the intensity rating due to the influence on the speed of the reaction. 
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Age-related differences in the skin’s properties may also help to explain the 
decline in sensitivity at the foot region in the older age group. The natural 
ageing process alters many aspects of the skin including its structure, function 
and appearance. Particularly at the foot region, there is a decrease in skin 
elasticity with age and a build-up of calluses, making the skin feel and appear 
rough (Wells et al., 2003). These factors may influence an individual’s ability 
to perceive temperature change and thus may be partly responsible for the 
decline in sensitivity to warm and cold. Unfortunately, the present study did 
not assess structural or functional differences in the skin, aside from skin fold 
thickness. Although, there were no age-related differences in skin fold 
thickness as participants were well matched between age groups. Moreover, 
as expected, correlation analysis confirmed no relationship between skin fold 
thickness and thermal sensitivity which is a common finding within the 
literature and can be explained by the location of subcutaneous fat (below the 
dermis) in relation to the location of skin thermoreceptors (dermis) (Ouzzahra 
et al., 2012; Fournet et al., 2013; Inoue et al., 2016). 
 
Different Test Methods 
The lack of age-related differences in local thermal sensitivity observed in the 
present study may be due to a variety of different factors. There are many 
studies investigating the influence of natural ageing on regional sensitivity to 
warm and cold within the literature, however it is difficult to compare findings 
due to the large differences in their methodologies. The most commonly 
utilised sensitivity technique is threshold detection by method of limits. This 
provides data on the stimulus temperature and time taken (°C/s) for an 
individual to perceive a temperature change, which also relies on reaction 
time. However, as reaction time may increase with age, this could exaggerate 
the age-related differences in sensitivity which may be seen as a limitation of 
this method (Guergova & Dufour, 2011). In their review article, Guergova & 
Dufour, (2011) suggested that the absence of any age-related differences in 
thermal sensitivity in the study by Seah & Griffin, (2008), may be a result of 
recruiting healthy participants with no known disorders and setting an upper 
age limit of 65 yrs. Though a bold statement, it may also be that the data 
presented in previous studies, using a reaction time exclusive method, should 
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be interpreted with care. Hence, moving forward, a more recent study aimed 
to counteract these issues by including a separate vibrotactile detection task 
which provides information on participants’ skin reaction time (Dufour & 
Candas, 2007).  
 
The present study utilised a less common approach to thermal sensitivity 
testing using magnitude estimation, which provides information on the actual 
intensity of the stimulus experienced by an individual rather than detection of a 
change. Applying a fixed temperature stimulus to the skin (as in the current 
study) will cause a greater magnitude sensation than by gradually increasing 
the temperature at steady rate (as in the method of limits studies). Particularly, 
applying temperatures that are only 5°C away from noxious heat (i.e. 40°C) 
and cold (i.e. 20°C) may intensify sensation and thus any small age-related 
declines in sensitivity may not be noticeable. This could be a potential 
reasoning for the differences between the findings from the present study and 
threshold detection studies that have observed age-related declines at several 
body regions (Meh & Denislic, 1994; Tochihara et al., 2011; Inoue et al., 
2016). However, the purpose of this study was to map thermal sensitivity to 
warm and cold over the body surface in two population groups, not to 
distinguish at what point a temperature can or cannot be perceived, as in 
previous work. Interestingly, a study by Harju, (2002) assessing both thermal 
thresholds and perceived intensity (magnitude estimation) did not find any 
relationship between the two, at any of the body regions tested (arm, knee, 
foot and thenar eminence). Both techniques provide information on an 
individual’s thermal sensitivity but measure different aspects of it (threshold Vs 
intensity) as one location may be sensitive to a small change in temperature 
but the intensity of that sensation may be lower than that of other body regions 
(Gerrett et al., 2017).  
 
Inter-individual Sensitivity Variation 
Further analysis was undertaken to assess the variation in thermal sensitivity 
within each age group (inter-individual variation), at each individual body 
region, using box plots (Figure 4.8 and 4.9). It was observed that younger 
individuals had a larger inter-individual variation in sensitivity to warm and cold 
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when compared to the older group. This is a novel but surprising finding 
considering ageing occurs at varying rates within individuals, depending on 
several biological and environmental factors, hence a greater inter-individual 
variation in thermal sensitivity with age may have been expected. However, 
there are several possible explanations for this finding which may relate to a 
difference in skin blood flow and skin conductivity between the two age 
groups. Previously it has been concluded that the rate of rise in skin blood 
flow after immediate contact with heat is reduced with ageing (Petrofsky et al., 
2006, 2011). It may be that this sluggish response diminishes the range at 
which older individuals can sense temperature change, thus resulting in a 
smaller inter-individual variation compared to the young group in the present 
study. It could also be theorised that a diminished vasodilator/constrictor 
response in the older group decreases skin perfusion variability and thus the 
stimulus penetrates the skin in a more uniform way, leading to lower inter-
individual variation with age. The ability to vasoconstrict in response to cold 
stress has also been shown to be markedly impaired in older individuals, 
irrespective of how the cold stress is induced (Holowatz et al., 2010). 
However, the effect of age on the local constrictor response is suggested to 
be more subtle than the reflex (whole body) response. Attenuated vasomotor 
function may serve as a possible explanation for the current findings but 
further research is required to confirm this. 
 
4.5.3. Warm Vs Cold Sensitivity 
Differences in thermal sensitivity between the WARM and COLD trial were 
observed in the present study in both young and older individuals. Cold 
sensitivity was more homogenous when compared to warm over the body, in 
both age groups, which is in agreement with previous work (Inoue et al., 
2016). Moreover, overall data for TTS and SSTS showed greater sensitivity 
ratings in the COLD trial when compared to WARM (Figure 4.4). This is not 
surprising due to the higher number of peripheral cold receptors, which have a 
faster conductivity rate and are located more superficially than warm receptors 
(Hensel, 1974, 1981). 
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The above finding is in agreement with body mapping data (magnitude 
estimation) in females (Gerrett et al., 2015) and regional data (method of 
limits) in young and older individuals (Inoue et al., 2016), showing a more 
pronounced sensation to a cold stimulus, when compared to warm, at all body 
regions. The direct comparison between warm and cold sensitivity in the 
aforementioned study (Gerrett et al., 2015) was possible due to the equal 
temperature distance of the two thermal stimuli (warm = 40°C and cold = 20 
°C), away from the apparent ₸sk of their participants (30°C). Furthermore, the 
subjective scale used to assess this was identical for warm and cold 
sensitivity. However, in the present study, ₸sk was approximately 33.2°C in the 
young and 32.6°C in the older group, thus the deviation from Tsk is greater on 
application of the probe in the COLD trial. For this reason, direct comparisons 
between the two trials were not deemed appropriate. The higher ₸sk observed 
in the current study were due to participants being exposed to a higher 
ambient temperature (25°C), in order to achieve a thermally neutral state. In 
the study by Gerrett et al., (2014), participants rested in ~20°C/40% RH in 
minimal clothing with the aim of achieving a ₸sk of 30°C, which according to 
the literature, is not perceived as thermoneutral (Gagge et al., 1967). Prior 
pilot tests in a range of environmental temperatures (21-27°C), confirmed that 
25°C was sufficient to stabilise skin and Tcore and was perceived as the most 
comfortable by both age groups, while resting semi-nude. This is also in 
agreement with work from Taylor et al., (1995) who found that preferred 
ambient temperature was approximately 24.5-25°C for semi-nude resting 
individuals in both young and older individuals. 
 
Despite our efforts to ensure that Tsk was stable throughout the experiment, 
the findings from Chapter 3 of this thesis suggest that altering the stimulus 
based on the initial Tsk does not greatly influence the regional thermal 
sensitivity pattern. Thus, small fluctuations in Tsk throughout the study may not 
have significantly altered the results. However, this isn’t to say that Tsk has no 
impact on thermal sensitivity or that the 3°C difference in ₸sk between the 
current study and that of Gerrett et al., (2014) would not have affected the 
results. Further studies are required to assess the influence of increasing and 
decreasing Tsk on magnitude estimation based thermal sensitivity testing. 
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4.5.4. TTS Vs SSTS 
Overall, there was a significant decrease in the magnitude of the sensation 
from TTS to SSTS in both groups in the WARM trial (Figure 4.5). However, in 
the COLD trial this decrease was only significant in the older age group 
(Figure 4.5). The decrease in sensation from TTS to SSTS observed in the 
present study may be described by the ‘overshoot response’ phenomenon 
(Gagge et al., 1969). As discussed in Chapter 3, this term describes the notion 
of an exaggerated sensation experienced by an individual during initial contact 
which then changes (decreases) over time (refer to Figure 2.7 of this thesis – 
Literature Review), to become more accurate. It appears that ageing may 
influence this response, as a more pronounced decrease from TTS to SSTS 
was observed in the older age group, in both trials. This could highlight a 
potential deterioration in the ‘accuracy’ of the initial thermal response in older 
individuals whereby a larger overshoot occurs prior to establishing the true 
sensation. The mechanistic underpinning behind this theory was not assessed 
in the present study and thus requires further research. 
 
4.5.5. Limitations 
As with all subjective investigations, limitations are unavoidable. In particular 
using subjective rating scales between two different population groups may 
encourage bias. This issue has been highlighted in previous ageing studies, 
stating that older individuals may have difficulty using and interpreting 
subjective scales or feel less confident in reporting temperature changes 
(Collins et al., 1981; Taylor et al., 1995). It is possible that these factors could 
have influenced the results of the present study; however rigorous 
familiarisation was performed in the pre-experimental session and prior to 
each trial. The subjective scale was also adapted for ease of use and this was 
piloted numerous times in both population groups. Furthermore, as the study 
involved repeatedly rating thermal sensitivity of different body regions for a 
prolonged period of time, participants may have found this tedious and tiring. 
A drop in attention could have affected participants’ sensitivity ratings and thus 
in order to avoid this, a short break was implemented within the protocol and 
mental readiness was monitored throughout using a visual analogue scale 
and deemed acceptable. Lastly, as the study was employed as an 
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independent group design with two different age groups, it may be argued that 
a larger number of participants may have increased the power and the 
likelihood of significance. However, the majority of regions assessed within 
this study that were compared between age groups were not approaching 
significance suggesting that the sample size and power were not a major 
drawback. 
 
4.5.6. Application 
The findings from this research have a number of applications with both an 
industrial and health related significance. Increasing the knowledge of 
autonomic and behavioural responses in older individuals during heat and 
cold weather events is important for public health guidance and awareness. 
The first whole body thermal sensitivity maps in both a young and older 
population may be utilised to aid the design of sports and protective clothing 
which may be tailored for individual needs. Furthermore, thermal modelling in 
relation to ageing and climate control in buildings and vehicles may benefit 
from this regional data in order to enhance existing models in this area. 
 
4.5.7. Conclusions 
In summary, the main findings from the present study indicate that advancing 
age does not influence overall thermal sensitivity to warm and cold stimuli, 
using the magnitude estimation method. However, there were consistent 
declines in sensitivity at the foot region in the older group, which is in 
agreement with the majority of the literature. This may be due to a greater 
vulnerability of longer nerve fibres (particularly for TTS) which puts older 
individuals at an increased risk of heat and cold induced foot injuries. 
Furthermore, a difference in inter-individual variation between age groups was 
also evident as sensitivity variation was greater in the younger group at 
numerous body regions. This suggests that individual variation may decline 
with age, however future investigations are required to confirm this. Future 
research may also look to assess regional differences in thermal sensitivity in 
more extreme environmental conditions where individuals are outside of their 
thermoneutral zone. 
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CHAPTER 5: Laboratory Study 3 
 
Local Thermal Sensitivity during Whole Body Cooling 
in Young and Older Individuals 
 
 
5.1. Chapter Summary 
After assessing the age-related differences in thermal sensitivity in Chapter 4, 
this study aimed to investigate the influence of whole body cooling on local 
thermal sensitivity to warm (40°C) and cold (20°C) in young (18-30 yrs) and 
older (60-80 yrs) individuals. Thermal sensitivity was assessed at 8 body 
regions in both a thermoneutral (25°C/40%RH) and a cold (12°C/50%RH) 
environment using the same technique presented in the previous two 
chapters. In summary, the findings of this study demonstrate that local cold 
sensitivity is blunted during whole body cooling, but warm sensitivity is 
maintained in both young and older individuals. Alongside the attenuation in 
cold sensitivity, a diminished ability to preserve internal body temperature puts 
older individuals at an increased risk of cold induced illness and injury during 
exposure to cold environmental conditions. Furthermore, an age-related 
decline in sensitivity was observed as the older group had significantly lower 
ratings to a warm stimulus in both neutral and cold environmental conditions. 
This finding reiterates the potential thermoregulatory risks associated with 
ageing. 
 
5.2. Introduction 
The way in which humans’ sense temperature change has been commonly 
investigated within the literature, as highlighted previously in Chapters 1-4. 
Previous studies have focused on assessing age (Kenshalo, 1986; 
Lautenbacher & Strian, 1991b; Meh & Denislic, 1994; Stevens & Choo, 1998; 
Harju, 2002; Dufour & Candas, 2007; Seah & Griffin, 2008; Tochihara et al., 
2011; Inoue et al., 2016), sex (Lautenbacher & Strian, 1991a; Golja et al., 
2003; Gerrett et al., 2014; Inoue et al., 2016) and ethnic (Lee et al., 2010a) 
differences in thermal sensitivity over the body surface. Almost all of these 
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investigations, including the two studies presented within this thesis, have 
been conducted in, what the authors describe as ‘thermoneutral’ 
environments, ranging from 21 to 28°C. Hence, there is currently limited 
knowledge on the effect of altering the thermal state of the body, in more 
extreme environmental conditions, on our ability to sense local warm and cold 
temperatures.  
 
Two previous studies assessed the influence of mild whole body heating on 
local sensitivity responses (thresholds) to warm (Nakamura et al., 2008; 
Takeda et al., 2016a) and cold stimuli (Nakamura et al., 2008). Nakamura et 
al., (2008) focused predominantly on thermal comfort responses and showed 
that during whole body heating, face cooling was preferable and during whole 
body cooling, the torso was the preferred location for warming. Takeda et al., 
(2016a) conducted a similar study but assessed thermal thresholds instead of 
comfort, at the forearm and chest, during thermoneutral and mild-hypothermic 
conditions in young and older individuals. They observed age-related declines 
in warm sensitivity at the forearm in both conditions, but in the hypothermic 
condition, cold sensitivity was preserved with ageing. Furthermore, Tochihara 
et al., (2011) conducted an ageing study assessing warm thresholds at 9 body 
regions in ‘thermoneutral’ (28°C) and ‘cool’ (22°C) environmental conditions. 
In this study, age-related declines in warm sensitivity were also evident and 
were non-uniform over the body. It was also observed that warm sensitivity 
was blunted during the cool environment and this was more noticeable in the 
older individuals. However, as these studies were conducted on Japanese 
individuals, the thermoneutral zone, and consequently the definition of ‘ warm’ 
and ‘cool’ may differ compared to European individuals, purely due to ethnic 
differences and acclimatisation (Havenith et al., 2017). Hence, this must be 
considered when comparing findings from different studies within the 
literature. 
 
A more recent study aimed to investigate the influence of progressive cooling 
on local thermal sensitivity (warm and cold magnitudes) of the hands and feet 
in young males (Filingeri et al., 2017). Using a water perfused suit system 
(5°C water temperature), whole body Tsk was decreased across a 30 min 
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period and thermal sensitivity was assessed before cooling and every 10 min 
thereafter. A thermal stimulator increased or decreased in temperature (± 8°C 
at 2.43°C/s) from a baseline of 30°C and individuals rated their sensation 
using a visual analogue scale. Filingeri et al., (2017), concluded that 
progressive decreases in whole body Tsk increased local warm sensitivity of 
the hands and feet in a dose dependent manner; however the response to 
cold remained unchanged. They proposed that this was likely a result of ‘warm 
seeking’ behaviour in an attempt to regain homeostasis when cold. However, 
in real life situations, exposure to cold would not decrease Tsk in a uniform 
manner as it would have done within the water perfused suit system. Thus, it 
is yet to be seen if this same phenomenon still occurs during exposure to cold 
air and whether other body regions respond in the same way as the hands 
and feet. 
 
It is known that there are regional variations in thermal sensitivity over the 
body when we are exposed to a thermoneutral environment within safety and 
comfort limits. However, despite several studies being conducted in this area, 
little is known about how our regional sensitivity may change during exposure 
to more extreme conditions, such as whole body cooling. Furthermore, as 
older individuals are more susceptible to hypothermia (Collins et al., 1977; 
Degroot & Kenney, 2007), it is also of interest to investigate how behavioural 
thermoregulation and subjective responses may alter with age during cold 
exposure. Thermal sensation and comfort are suggested to be the drivers of 
behavioural thermoregulation in both hot and cold environments, preceded by 
a change in Tsk and thus are vital influencers of the control and maintenance 
of core body temperature (Schlader et al., 2009, 2010, 2011). As behavioural 
adjustments limit the requirement for autonomic responses, a decline in 
thermal sensitivity may consequently put a greater strain on the body 
(Schlader et al., 2017). This would be particularly detrimental during exposure 
to cold stress and may increase the likelihood of cold-induced injury or illness. 
However, it is important to consider the impact of regional differences in 
thermal sensitivity and other potential factors that may influence behavioural 
thermoregulation, such as past experiences (Schlader et al., 2010).  
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Due to the growing aged population and the prevalent impacts of severe cold 
spells, this area of research needs expanding to gain a better understanding 
of the effect of age on thermal responses during extreme weather events. 
Therefore, the aim of this study was to investigate the influence of whole body 
cooling on local thermal sensitivity (magnitude) to warm and cold in young and 
older individuals and to assess the relationship between sensitivity, skin blood 
flow and Tsk. It was hypothesised that whole body cooling would increase 
warm sensitivity but not cold and this response would be greater in the young 
compared to older group. 
 
5.3. Methodology 
5.3.1. Participants 
Twenty healthy, white Western European male volunteers were recruited for 
this study from two age categories: 10 young (18-30 years old) and 10 older 
(60-80 years old). Prior to taking part, all participants were provided with 
detailed information about the study (example provided in Appendix D) and 
subsequently gave their written informed consent (Appendix A). Additionally, 
all participants were required to complete a health-screen questionnaire 
(Appendix B) and were excluded from the study if they failed to meet the 
required health standards. Due to the nature of the study, only participants 
that were non-smokers and had no history of diabetes, cardiovascular 
disease, skin conditions or neuromuscular disorders were recruited. 
Participants were not taking any medication that may have influenced the 
results of the study. Participant characteristics are displayed in table 5.1. All 
protocols and procedures involved in the study were approved by the 
Loughborough University Ethics Committee and are in line with the World 
Medical Association Declaration of Helsinki for medical research using human 
participants. 
 
5.3.2. Experimental Design 
The aim of the experiment was to assess the effects of whole body cooling on 
local thermal sensitivity (magnitude estimation) to warm and cold stimuli in 
young and older individuals. To achieve these aims, the study followed a 
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balanced (order of cold or warm stimulus), independent group design. 
Participants attended the laboratory on one occasion only, during which they 
completed 2 conditions (NEUT and COLD) as shown in Figure 5.1. 
 
 
Figure 5.1. Schematic detailing the experimental design of the study. 
 
 
5.3.3. Pre-experimental Briefing 
All participants attended a pre-experimental briefing, on a separate day prior 
to the main trial. They were each briefed verbally and given written 
instructions detailing the requirements of the study and had the opportunity to 
ask any questions prior to the main trial. Participants were instructed to refrain 
from alcohol 24 h before their visit to the laboratory and to avoid exercise and 
caffeine on the day of the trial. 
 
As each participant was required to swallow an ingestible radio pill (e-
CELSIUS® performance capsule, BodyCAP France, Inc.) for the measurement 
of core temperature (Tcore) throughout the trial, this visit was also used to 
inform participants about the procedure and use of the pill. Additionally, a 
health screen questionnaire (Appendix C) was completed to confirm their 
suitability for swallowing the pill. Before use, each pill was first activated using 
an activator and monitor (e-Viewer® performance monitor, BodyCAP France, 
Inc.) which assigned a unique code for tracking. It was then given to the 
participant to take home with a detailed instruction sheet on how to swallow. 
The pill was ingested 5 h before the experimental session was due to start 
and a wristband was worn to identify that each participant had swallowed an 
MRI incompatible device for safety purposes. The wristband was worn for 72 h 
after ingestion of the pill as a precaution. 
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5.3.4. Experimental Protocol 
On arrival at the laboratory, measures of participant’s height in cm 
(Stadiometer), body mass in kg (Metter Toledo kcc150, Metter Toledo, 
Leicester, UK, Resolution 1g) and body fat percentage via bio-electrical 
impedance (Body composition analyser, Tanita, MC-780MA) were recorded. 
Skin fold measurements were also taken at 7 sites on the body using skin fold 
callipers (Holtain Ltd. Crymych, Pembs, UK), to estimate skin fold thickness at 
specific body regions for correlation analysis. The 7 sites measured included 
the subscapular, anterior suprailiac, anterior forearm, medial torso, knee, hand 
and foot. 
 
Once all pre-test measures were recorded, participants rested in a seated 
position for 20 min in a thermoneutral preparation (~22-24°C) room, wearing 
standardised shorts and t-shirt. A step-by-step overview of the protocol order 
was explained to each participant and they were again able to ask any 
questions. They were then introduced to the subjective scales (detailed in 
Chapter 3) and instructed on how to interpret them in order to rate their 
thermal sensation and comfort. After resting for 20 min, baseline measures of 
Tcore (e-Viewer
® performance monitor, BodyCAP France, Inc.), Tsk at 4 body 
regions (Spot Infrared thermometer, FLUKE 566, IR Thermometer, Fluke 
Corporation, USA – calibrated using BLACKPOINT, Blackbody Calibrator, 
BB702, Omega, USA), heart rate (Polar wrist monitor A360, Polar Alectro Oy, 
Professorintie 5, FI-90440 Kempele, Finland), whole body thermal 
sensation/comfort (subjective scales) and blood pressure (Omron M3 LED 
blood pressure monitor, HEM-7134-E, Omron Healthcare UK Ltd) were 
recorded. 
 
Participants then entered the environmental chamber (T.I.S.S. Peak 
Performance, Series 2009 Climate Chambers), which was set at 25°C/40% 
RH for the first condition (NEUT) and monitored throughout the study (Testo 
435-2 with integrated hot wire probe, Testo Ltd, Alton, Hampshire, UK). 
Immediately on entering the chamber participants rested in a seated position 
for 40 min. Every 5 min during this rest period, a single point measurement of 
Tcore, local Tsk, heart rate, thermal sensation and comfort were recorded 
144 
 
(Figure 5.2 for protocol schematic) and blood pressure was measured every 
10 min (right arm). The time point ‘0 min’ was the start of the protocol, 
however participants were exposed to the conditions within the chamber for 
approximately 2 min before the 0 min measures were recorded. At 35 min, 
skin blood flow (SkBF) was measured for a 5 min period on the right forearm 
using a single fibre laser-Doppler flowmetry probe and perfusion monitor 
(Moor-Lab, Moor Instruments, Devon, UK). Each participant’s right arm was 
supported in a fixed and comfortable position during the measurement to 
minimise movement. The area of skin used for the SkBF measurement was 
highlighted using washable marker pen for reference for future measurements 
to assure accurate placement of the probe. Participants were then thoroughly 
familiarised with the thermal sensitivity protocol and thermal probe application 
procedure before the test was undertaken. A total of 8 body regions (posterior 
neck, upper back, medial torso, lateral torso, forearm, hand, knee and foot) 
were stimulated in a balanced order (between participants) with the thermal 
probe for both WARM (fixed at 40°C) and COLD (fixed at 20°C) temperatures 
(Figure 5.2). Participants rated their sensitivity immediately: transient thermal 
sensation (TTS) and after 10 s of stimulation: steady state thermal sensation 
(SSTS). This procedure is explained in detail in Chapter 3.  
 
After the sensitivity test, which lasted approximately 15 min, participants 
exited the environmental chamber back into the thermoneutral preparation 
room for a 30 min period. During this period between the two conditions 
(NEUT and COLD), participants rested in a seated position and were provided 
with water. Additionally, a SkBF measurement of maximum vasodilation was 
taken by applying the laser-Doppler probe, housed in a heating system set at 
43°C (laser-Doppler temperature monitor, Moor Instruments, Devon, UK), to 
the anterior forearm until a plateau was observed. This was measured during 
this rest period instead of at the end of the protocol due to the potential 
influence of cold exposure on maximal vasodilation. After approximately 30 
min of rest, baseline measures were recorded again and participants re-
entered the environmental chamber, this time set at 12°C/50% RH (COLD 
condition). The entire procedure described above for the NEUT condition was 
then repeated for the COLD condition. Afterwards, participants remained in 
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the laboratory until all measures returned to baseline for safety and comfort 
purposes. 
 
 
 
Figure 5.2. Schematic of experimental protocol for both NEUT and COLD conditions. 
 
 
5.3.5. Statistical Analysis 
Statistical analysis was completed using Microsoft Excel (2010) and a 
statistical software package (SPSS version 23.0, IBM, USA). Age group 
differences in local Tsk and regional thermal sensitivity to warm and cold were 
assessed using a two-way repeated measures ANOVA. The large number of 
comparisons, due to the number of zones studied, may increase the likelihood 
of inflating type I error and so Bonferroni corrections were applied to account 
for multiple comparisons. Results with and without Bonferroni corrections are 
presented, as the first has the risk of inflating type I error, whereas the second 
has the risk of inflating type II (Havenith et al., 2008). Age group differences in 
participant characteristics and environmental conditions were assessed using 
independent samples t-tests. Whole body thermal sensation and comfort and 
all other physiological measures were analysed using a two-way repeated 
measures ANOVA with Bonferroni post hoc tests. Pearson correlations were 
performed to assess relationships between regional skin fold thickness, Tsk, 
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SkBF and thermal sensitivity. Unless otherwise stated, significance was set at 
the p < 0.05 level and all data will be presented as means ± standard 
deviation (SD). 
 
5.4. Results 
5.4.1. Participants 
Participants recruited for this study differed in age but were matched for 
height, weight and BSA (Table 5.1). Independent samples t-tests confirmed 
that older individuals had a significantly higher body fat percentage and lower 
VO2max compared to the younger group (p < 0.05).  
 
Table 5.1. Participant characteristics in each group. *Significantly different to older group. 
Group 
Age 
(yrs) 
Height 
(cm) 
Weight 
(kg) 
BSA 
(m2) 
Body Fat 
(%) 
VO
2max
 
(ml.kg-1.min-1) 
Young 
(n=10) 
24 ± 2* 179.8 ± 7.7 78.1 ± 11.1 2.0 ± 0.2 15.9 ± 2.5* 47.6 ± 6.1* 
Older 
(n=10) 
69 ± 4 175.3 ± 4.6 76.9 ± 9.7 1.9 ± 0.1 20.9 ± 3.6 34.1 ± 5.3 
 
 
5.4.2. Environmental Conditions  
During each trial the environmental conditions were closely monitored and 
controlled in order to maintain consistency between individual exposures. 
There were no significant differences in ambient air temperature or RH (p > 
0.05) between age groups in the NEUT or COLD condition (Table 5.2). 
 
 
Table 5.2. Environmental conditions in each group and condition. 
Group Air Temperature (°C) Relative Humidity (%) Air Velocity (m.s-1) 
 
NEUT COLD NEUT COLD NEUT COLD 
Young 25.1 ± 0.1 12.1 ± 0.1 40.2 ± 0.4 49.2 ± 0.7 <0.2 <0.2 
Older 25.1 ± 0.1 12.1 ± 0.1 40.2 ± 0.7 48.7 ± 1.3 <0.2 <0.2 
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5.4.3. Body Temperature 
Core Temperature 
Tcore was monitored throughout both conditions using a radio pill ingested 5 h 
before the trial. No significant differences were observed between age groups 
in the NEUT condition, however in the COLD condition, older individuals had a 
significantly lower Tcore than the young from 10-40 min (Figure 5.3). In the 
young group, Tcore was significantly lower in the COLD compared to NEUT 
condition at 0 and 5 min only (p < 0.05). In the older group, Tcore was 
significantly lower in the COLD compared to NEUT at 0-40 min (p < 0.05).  
 
The ∆Tcore from pre-post in both conditions was compared between age 
groups (Figure 5.4). Older individuals had a significantly greater ∆Tcore than 
the young group in the COLD condition only (p = 0.003). In the older group 
this change was also significantly different from NEUT to COLD conditions (p 
= 0.048). 
 
 
 
Figure. 5.3. Core temperature (°C) values in NEUT and COLD 
conditions between groups. *Significantly different between groups in 
the COLD condition only. #Significantly different between conditions. 
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Mean Skin Temperature 
Weighted ₸sk of 4 body regions was calculated for both conditions and age 
groups using the following equation (Ramanathan, 1964): 
 
₸𝑠𝑘 = (0.3 ∗ 𝑇𝑟𝑖𝑐𝑒𝑝𝑠) + (0.3 ∗ 𝐶ℎ𝑒𝑠𝑡) + (0.2 ∗ 𝑄𝑢𝑎𝑑𝑟𝑖𝑐𝑒𝑝𝑠) + (0.2 ∗ 𝐶𝑎𝑙𝑓) 
 
There were no significant differences in weighted ₸sk between age groups in 
the NEUT or COLD condition (p > 0.05). At the PRE time point, ₸sk was similar 
between age groups and conditions. However, between 0-40 min ₸sk was 
significantly lower (p < 0.05) in the COLD condition, in both age groups, when 
compared to NEUT (Figure 5.5). 
 
 
Figure 5.4. ∆Core temperature (°C) from pre-post (PRE-40 min) in 
both NEUT and COLD conditions between age groups. *Significantly 
different from young group. #Significantly different from NEUT to 
COLD in older group only. 
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Local Skin Temperature 
Local Tsk of the 8 body regions tested was recorded before applying the 
thermal probe (before both warm and cold stimuli) to the skin in the NEUT and 
COLD condition. There were no significant differences in local Tsk between the 
warm and cold probe application in either condition within age groups (p > 
0.05). Significant differences were observed between age groups at several 
body regions in both conditions as highlighted in Table 5.3 and 5.4.  
 
Figure 5.5. Weighted mean skin temperature (°C) in NEUT and COLD 
conditions between groups. #Significant difference from 0-40 min between 
conditions in both age groups. 
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Table 5.3. Local skin temperature (°C) prior to stimulation in the NEUT condition for all regions tested in both age groups. Significance level 
between groups are displayed as *p < 0.05, **p < 0.01, ***p < 0.001 (always lower in the older group). #Significant after Bonferroni correction.  
 
 
 
 
 
 Local Skin Temperature (°C) in the NEUT Condition Significance 
 YOUNG OLDER between groups 
 Min Max Median Mean SD Min Max Median Mean SD Absolute 
Warm Stimulus            
Hand  31.6 34.1 33.1 33.0 0.8 31.1 33.5 32.5 32.5 0.8 - 
Upper back 32.4 34.4 33.4 33.4 0.6 31.1 33.3 32.5 32.5 0.7 ** 
Knee 30.8 32.5 31.6 31.6 0.6 30.4 32.9 31.3 31.6 0.8 - 
Neck 33.2 34.5 34.1 33.9 0.5 31.5 33.9 32.8 32.8 0.7 ***# 
Medial torso 31.8 34.5 33.2 33.2 0.7 30.9 33.8 32.0 32.2 0.9 * 
Foot 27.0 31.7 29.8 29.8 1.7 26.7 31.4 30.4 29.5 1.7 - 
Lateral torso 31.3 34.1 33.3 33.2 0.9 30.8 34.2 32.5 32.6 1.0 - 
Anterior forearm 32.4 34.3 33.3 33.3 0.6 31.6 33.8 32.7 32.7 0.6 * 
Cold Stimulus            
Hand  32.6 33.8 33.4 33.2 0.4 31.4 33.7 32.9 32.7 0.8 - 
Upper back 32.3 34.1 33.1 33.2 0.7 31.6 33.7 32.7 32.7 0.7 - 
Knee 30.4 32.1 31.5 31.4 0.5 30.7 32.8 31.2 31.6 0.9 - 
Neck 33.1 34.8 34.2 34.1 0.6 32.5 34.1 33.4 33.3 0.5 ** 
Medial torso 32.4 34.7 33.3 33.4 0.7 31.5 33.4 32.2 32.3 0.7 ** 
Foot 27.2 32.1 29.9 29.7 1.5 26.1 31.2 30.0 29.5 1.8 - 
Lateral torso 30.9 34.6 33.5 33.2 1.0 31.4 34.3 33.2 33.0 1.0 - 
Anterior forearm 32.5 34.3 33.3 33.4 0.5 31.7 34.1 33.2 33.0 0.7 - 
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Table 5.4. Local skin temperature (°C) prior to stimulation in the NEUT condition for all regions tested in both age groups. Significance level 
between groups are displayed as *p < 0.05, **p < 0.01, ***p < 0.001 (always lower in the older group). #Significant after Bonferroni correction. 
 
 
 
 Local Skin Temperature (°C) in the COLD Condition Significance 
 YOUNG OLDER between groups 
 Min Max Median Mean SD Min Max Median Mean SD Absolute 
Warm Stimulus            
Hand  22.7 28.2 24.9 24.9 1.5 21.5 28.8 24.5 24.2 2.2 - 
Upper back 26.2 29.9 28.5 28.2 1.3 25.2 34.9 26.5 27.5 2.7 - 
Knee 23.1 26.7 24.9 25.0 0.9 22.2 25.7 24.1 24.2 1.2 - 
Neck 26.8 30.6 29.2 29.0 1.4 25.7 29.6 27.1 27.3 1.1 ** 
Medial torso 26.1 30.4 28.7 28.4 1.5 24.6 28.5 25.5 25.8 1.3 ** 
Foot 20.1 26.3 22.8 22.9 1.9 20.9 25.7 23.8 23.5 1.5 - 
Lateral torso 24.1 30.1 28.4 27.9 1.8 25.3 28.6 26.8 26.8 1.2 - 
Anterior forearm 25.1 31.5 27.7 27.8 1.9 25.2 28.6 27.3 27.3 1.1 - 
Cold Stimulus            
Hand  23.1 34.3 26.0 26.5 3.3 21.2 27.5 24.2 24.0 1.8 - 
Upper back 25.9 29.6 28.3 28.1 1.3 24.5 27.9 26.5 26.3 1.0 ** 
Knee 23.8 26.6 25.1 25.0 0.9 23.1 25.8 24.3 24.4 1.0 - 
Neck 26.7 30.8 29.6 29.4 1.3 24.9 29.5 27.5 27.4 1.4 ** 
Medial torso 27.2 30.6 29.2 28.9 1.2 24.7 27.5 25.6 25.9 1.0 ***# 
Foot 20.7 26.3 22.7 23.3 1.7 21.6 26.0 23.8 23.8 1.4 - 
Lateral torso 24.2 31.9 28.6 28.3 2.1 25.4 30.2 27.2 27.3 1.5 - 
Anterior forearm 24.7 31.3 28.0 28.1 1.8 25.0 28.2 27.6 27.2 1.0 - 
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5.4.4. Heart Rate 
There were no significant differences in heart rate between age groups or 
between the NEUT (young: 73.0 ± 8.2 Vs older: 74.8 ± 6.1 bpm) and COLD 
(young: 71.8 ± 8.8 Vs older: 75.9 ± 11.7 bpm) condition in each group (p > 
0.05). However, there was a trend for heart rate to be slightly lower in the older 
group. Over time, heart rate remained stable throughout the NEUT and COLD 
condition in both age groups. 
 
5.4.5. Mean Arterial Pressure 
Mean arterial pressure (MAP) was calculated using the following equation: 
𝑀𝐴𝑃 =  
1
3
 (𝑠𝑦𝑠𝑡𝑜𝑙𝑖𝑐 − 𝑑𝑖𝑎𝑠𝑡𝑜𝑙𝑖𝑐) + 𝑑𝑖𝑎𝑠𝑡𝑜𝑙𝑖𝑐 
 
No significant differences were observed between age groups in MAP in the 
NEUT condition. However, in the COLD condition MAP was significantly higher 
in the older group at PRE (p = 0.03) and from 10-40 min (p = 0.001) compared 
to young (Figure 5.6). In the young group, MAP was not different between the 
NEUT and COLD condition but in the older group MAP was significantly higher 
in COLD compared to NEUT from 10-40 min (p ≤ 0.002).  
 
 
 
Figure 5.6. Mean arterial pressure (MAP) in both conditions between 
groups. *Significantly different between groups in the COLD condition only. 
#Significantly different between conditions in the older group only. 
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5.4.6. Cutaneous Vascular Conductance 
Cutaneous vascular conductance (CVC) was calculated using SkBF (average 
flux) and MAP data collected between 35-40 min, using the following equation: 
 
𝐶𝑉𝐶 =
𝑓𝑙𝑢𝑥
𝑀𝐴𝑃
 
 
The %∆ from NEUT to COLD was then calculated and compared across age 
groups. Although the %decrease in CVC from NEUT to COLD was greater in 
the young (-28.6%) compared to older group (-22.2%), this was not 
significantly different (p > 0.05). CVC as a % of maximum was significantly 
higher (p ≤ 0.01) in the older compared to young group in both NEUT (9.3 ± 
3.6 Vs 5.0 ± 1.8 %CVCmax) and COLD (7.2 ± 2.6 Vs 3.3 ± 0.9 %CVCmax) 
conditions.  
 
5.4.7. Whole Body Subjective Responses 
In line with the previous 2 chapters, whole body thermal sensation and comfort 
were recorded every 5 min during both conditions using the subjective scales 
detailed in Chapter 3. 
 
Thermal Sensation 
There were no significant differences in whole body thermal sensation 
responses between age groups in the NEUT or COLD condition (p > 0.05). In 
both age groups, participants felt significantly colder throughout (0-40 min) the 
COLD condition compared to NEUT (p < 0.05) as shown in 5.7. Similar to the 
results from the previous 2 chapters, whole body thermal sensation remained 
between ‘neutral and slightly cool/warm’ during the NEUT trial. Towards the 
end of the COLD condition, participants felt between ‘cold and very cold’. 
 
Thermal Comfort 
The thermal comfort responses followed a similar trend to thermal sensation 
as there were no significant differences in whole body thermal comfort 
between age groups (p > 0.05) in either condition. In both age groups, 
participants felt significantly more uncomfortable throughout (0-40 min) the 
COLD condition compared to NEUT (p < 0.05) as shown in Figure 5.8. In the 
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NEUT condition participants felt ‘comfortable’, however in the COLD they 
reported to be between 4-5 on the comfort scale, approaching ‘very 
uncomfortable’. 
 
Figure 5.7. Whole body thermal sensation responses in NEUT and COLD 
conditions between age groups. #Significantly different between conditions 
in both age groups. 
 
 
 
Figure. 5.8. Whole body thermal comfort responses in NEUT and COLD 
conditions between age groups. #Significantly different between conditions 
in both age groups.  
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5.4.8. Overall Local Thermal Sensitivity (all body regions) 
Overall thermal sensitivity responses (average of the 8 body regions tested) to 
warm and cold were compared across age groups and between the NEUT and 
COLD condition (Figure 5.9). 
 
TTS 
Transient thermal sensation (TTS) responses to warm and cold stimuli were 
not significantly different between age groups in the NEUT or COLD condition 
(p > 0.05). In the older group only, overall cold TTS was significantly higher in 
the NEUT compared to COLD condition (p = 0.002). 
 
SSTS 
Overall steady state thermal sensation (SSTS) in response to a warm stimulus 
was significantly higher in the young compared to older age group in both the 
NEUT (p = 0.001) and COLD condition (p = 0.002). However, in response to a 
cold stimulus, there were no significant differences between age groups (p > 
0.05). Cold SSTS was significantly lower in the COLD condition compared to 
NEUT in both age groups (p = 0.01) however there were no differences in 
warm SSTS between conditions (p > 0.05).  
 
∆Thermal Sensation from TTS to SSTS 
The change from TTS to SSTS was compared between age groups and 
conditions. SSTS was significantly lower (p ≤ 0.02) than TTS in response to a 
warm and cold stimulus in the COLD condition in both age groups and in the 
NEUT condition in the older group only. Although a decrease from TTS to 
SSTS was observed in the young group in the NEUT condition, for both warm 
and cold stimuli, this change was not statistically significant (p > 0.05).  
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Figure 5.9. Overall transient (TTS) and steady state thermal sensation 
(SSTS) to warm and cold in NEUT and COLD conditions between age 
groups. *Significantly different between age groups. #Significantly 
different between conditions. §Significantly different from TTS to SSTS. 
 
 
5.4.9. Regional Thermal Sensitivity  
Warm TTS 
Warm TTS differed significantly between age groups at 2 body regions in both 
the NEUT and COLD condition (Figure 5.10). The hand and foot were 
significantly more sensitive in the young compared to the older group in both 
conditions (p < 0.05). Furthermore, no significant differences in warm TTS 
were observed between the NEUT and COLD condition in either age group (p 
< 0.05). The most sensitive regions to warmth were the lateral torso and neck 
and the least sensitive were the foot and hand in both age groups in the NEUT 
and COLD condition.  
 
Warm SSTS 
Warm SSTS was significantly different between age groups at the same 6 
body regions in both conditions (Figure 5.10); the younger group were 
significantly more sensitive at the hand, foot, knee, forearm, and medial and 
lateral torso (p < 0.05). In the young group thermal sensitivity was significantly 
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higher in the NEUT condition when compared to COLD at the knee region only 
(p = 0.01). There were no other differences observed between conditions. The 
most sensitive regions were the lateral torso and knee in the young group and 
the posterior neck and lateral torso in the older group in both conditions. The 
least sensitive body regions in the older group were the foot and hand in both 
the conditions. However, in the young group the least sensitive regions were 
the hand and forearm in the NEUT condition and the upper back and knee in 
the COLD condition.  
 
 
Figure 5.10. Warm transient (TTS) and steady state thermal sensation (SSTS) 
of each body region in the NEUT and COLD condition between age groups. 
*Significantly different between age groups. #Significantly different between 
conditions. 
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Cold TTS 
There were no significant differences between age groups for cold TTS in the 
NEUT or COLD condition (p > 0.05) (Figure 5.11). The younger group were 
significantly more sensitive to a cold stimulus in the NEUT condition at the 
hand and foot, when compared to the COLD condition (p < 0.05). Similarly, in 
the older group, the hand and foot were more sensitive in the NEUT condition, 
along with the upper back, knee, lateral torso and forearm. In both conditions, 
the most sensitive body regions to cold were the lateral torso and upper back 
in the young and the lateral torso and neck in the older group. The least 
sensitive regions were the hand and foot in both age groups and conditions. 
 
Cold SSTS 
Cold SSTS was significantly different between age groups in the NEUT 
condition only (Figure 5.11), with younger individuals reporting higher 
sensitivity ratings at the hand (p = 0.04) and the foot (p = 0.02). No differences 
were observed between age groups in the COLD condition (p > 0.05). In the 
young group, sensitivity was higher in the NEUT condition at the hand, foot, 
knee, lateral torso and forearm and in the older group at the hand, foot, knee, 
upper back and neck, when compared to the COLD condition. Similarly to 
TTS, in both conditions, the most sensitive regions to cold were the lateral 
torso in the young group and both the lateral torso and neck in the older group. 
Again, the least sensitive regions were the hand and foot in both age groups 
and conditions 
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Figure 5.11. Cold transient (TTS) and steady state thermal sensation (SSTS) 
of each body region in the NEUT and COLD condition between age groups. 
*Significantly different between age groups. #Significantly different between 
conditions. 
 
5.4.10. ∆Thermal Sensitivity from NEUT to COLD 
The change in sensitivity from the NEUT to the COLD condition was calculated 
for each body region in both age groups. Significant differences between age 
groups were only present at the knee region for warm SSTS (p = 0.03) and 
cold TTS (p = 0.03). No other differences were observed between the young 
and older group. Figure 5.12 shows that in response to a warm stimulus, there 
was little change in sensitivity from NEUT to COLD, with no clear trend in 
either age group. However, in response to a cold stimulus, a clear trend was 
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evident showing a decrease in sensitivity at almost all body regions from the 
NEUT to the COLD condition (Figure 5.13).  
 
 
Figure 5.12. ∆Thermal sensitivity in response to a warm stimulus from the 
NEUT to COLD condition between age groups. *Significantly different 
between age groups. 
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Figure 5.13. ∆Thermal sensitivity in response to a cold stimulus from the 
NEUT to COLD condition between age groups. *Significantly different 
between age groups. 
 
5.4.11. Thermal Sensitivity and Skin Fold Thickness 
Relationships between thermal sensitivity (warm and cold) and skin fold 
thickness in the NEUT and COLD condition were assessed in both age 
groups. No significant correlations were observed at any of the body regions 
tested, in either age group or condition (p > 0.05). The same nonsignificant 
finding was observed when combining both age groups to create a wider range 
of skin fold thickness values. 
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5.4.12. Thermal Sensitivity and Local Skin Temperature 
The relationship between overall thermal sensitivity and overall Tsk (average of 
8 regions) was assessed using Pearson’s correlations. There was a significant 
positive correction (r = 0.80, p = 0.01) between Tsk and cold TTS in the NEUT 
condition in the young group only. No other significant correlations were 
observed. 
 
Further correlations were conducted to assess the relationship between local 
thermal sensitivity and Tsk at each individual body region. In the NEUT 
condition, significant positive relationships were observed between local Tsk 
and sensitivity at the upper back for warm TTS (r = 0.79, p = 0.01), warm 
SSTS (r = 0.78, p = 0.01) and cold SSTS (r = 0.66, p = 0.04). A similar positive 
relationship was observed at the upper back for cold TTS (r = 0.77, p = 0.01) 
and SSTS (r = 0.70, p = 0.02) in the COLD condition. This shows that 
participants with warmer Tsk had a higher thermal sensitivity to both a warm 
and a cold stimulus. 
 
5.4.13. Thermal Sensitivity and Skin Blood Flow 
Pearson’s correlations were performed to assess the relationship between 
overall thermal sensitivity to warm and cold and SkBF (%CVC maximum) in 
both conditions and age groups. There were significant positive correlations 
observed for TTS (r = 0.68, p = 0.03) and SSTS (r = 0.73, p = 0.02) for warm in 
the older group NEUT condition only. 
 
5.5. Discussion 
The majority of thermal sensitivity research has been conducted in 
‘thermoneutral’ conditions in which participants are within safety and comfort 
limits. Hence, there is limited knowledge on whether local thermal sensitivity is 
altered during more extreme environmental exposures. Therefore, building on 
the findings from Chapter 4, the aim of the present study was to assess the 
influence of whole body cooling (12°C) on local thermal sensitivity to warm 
(40°C) and cold (20°C) stimuli in young and older individuals. The main finding 
was that whole body cooling blunted local thermal sensitivity to cold (Figure 
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5.13) but had little or no influence on warm sensitivity (Figure 5.12) in both age 
groups. This finding is contrary to the original hypothesis in which it was 
expected that warm sensitivity but not cold would be altered, having a more 
profound effect in the young group. Furthermore, age-related differences in 
warm and cold sensitivity were observed as younger individuals were 
significantly more sensitive at several body regions. 
 
5.5.1. Overall Local Thermal Sensitivity 
When comparing overall thermal sensitivity between age groups, younger 
individuals had a significantly higher warm SSTS than the older group in the 
NEUT and COLD condition (Figure 5.9). This contradicts the findings from 
chapter 4, where no age-related differences were observed in overall thermal 
sensitivity under thermoneutral conditions. Slight differences in the 
implementation of the studies may explain these findings and this will be 
discussed in section 5.5.2.  
 
In the present study it was hypothesised that warm sensitivity would increase 
during whole body cooling in both age groups, however the opposite occurred. 
Overall warm sensitivity did not differ between conditions, whereas cold 
sensitivity was significantly blunted during the COLD condition compared to 
NEUT, in both age groups. This may be due to the lower Tsk observed in the 
COLD condition, narrowing the temperature gradient between the skin and the 
thermal probe. However, if this was the cause, an increase in warm sensitivity 
would be expected in the COLD condition due to the larger skin-probe 
temperature gradient. The different transient receptor potential (TRP) ion 
channels that are activated during the whole body cooling and simultaneous 
application of the thermal probe must also be taken into account. The 
environmental temperature in the COLD condition (12°C) would have activated 
TRPA1, whereas the cold thermal stimulus from the probe (20°C) would have 
activated TRPM8 (see Figure 2.6 in Literature Review for TRP ion channel 
overview) (Romanovsky, 2007; Venkatachalam & Montell, 2007). The 
activation of two distinct cold TRP channels may provide a possible 
explanation for the blunted local cold sensitivity in the COLD condition. Local 
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warm thermal sensitivity (stimulating the warm TRP channel, TRPV3) was not 
greatly affected by exposure to whole body cooling. 
 
A previous study assessing age-related differences in warm thresholds in cool 
(22°C) and thermoneutral (28°C) conditions observed a decrease in warm 
sensitivity in the cool condition in young and older individuals (Tochihara et al., 
2011). This finding is not supported by the present results or the study by 
Filingeri et al., (2017), albeit during colder conditions. As cold thresholds were 
not determined in the study by Tochihara et al., (2011), the results cannot be 
directly compared with the present findings. Furthermore, their research was 
conducted on Japanese individuals and utilised the method of limits technique, 
which again differs from the current methodology. 
 
In agreement with the findings from Chapter 3 and 4, sensitivity to warm and 
cold decreased from TTS to SSTS as a result of the ‘overshoot response’. In 
the present study, this decrease was slightly greater in the older group (Figure 
5.9), as observed previously in Chapter 4, which may be due to a slowing or 
decline in the ‘accuracy’ of older individual’s immediate response. Moreover, 
the change from TTS to SSTS did not differ between NEUT and COLD 
conditions, suggesting that whole body cooling does not deter the presence of 
the overshoot response.   
 
5.5.2. Regional Thermal Sensitivity 
Regional differences in thermal sensitivity to warm and cold were observed 
within both age groups in the NEUT and COLD conditions (Figure 5.10 and 
5.11), as expected. The most sensitive regions were predominantly the torso 
and neck and the least sensitive were the hand and foot for young and older 
individuals in both conditions, suggesting that whole body cold exposure does 
not greatly influence the regional pattern in thermal sensitivity. However, it 
could be argued that stronger cooling may have altered responses when 
considering the work by Filingeri et al., (2017), who showed that whole body 
cooling increases sensitivity to local warm stimuli in a dose dependent manner. 
Despite this, the proposed protective mechanisms at the head and torso region 
that have been observed in neutral environments (Ouzzahra et al., 2012; 
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Gerrett et al., 2014), evidently still play a role in thermal sensitivity during 
whole body cooling, since sensitivity at the neck, medial torso and lateral torso 
did not seem to change as much as other body regions from NEUT to COLD.  
 
Age-related differences in sensitivity to warm and cold were observed at 
several body regions. In response to a cold stimulus, SSTS was significantly 
higher in the younger group at the hand and foot when compared to the older 
group, in the NEUT condition only. However, after application of a warm 
stimulus, younger individuals were significantly more sensitivity at the hand 
and foot (TTS and SSTS) and knee, medial torso, lateral torso and forearm 
(SSTS only) in both conditions. These responses differ from the findings 
presented in Chapter 4, in which consistent age differences were only 
observed at the foot region. There are several possible explanations for this 
discrepancy, which may be related to the methodological differences between 
the two studies. In the present study participants underwent thermal sensitivity 
testing for ~15 min, whereas in the previous study (Chapter 4) the sensitivity 
test lasted ~1 h, due to the large number of sites being tested. The duration 
difference between the two studies may have influenced sensitivity ratings due 
to the subjective nature of method. As discussed in Chapter 4 as a limitation, 
repeatedly rating thermal sensation for a large number of body regions, over a 
prolonged period of time, may result in boredom and a loss of focus from the 
participants. Whereas, during a 15 min test period assessing only 8 body 
regions there would be less chance for this to occur.  
 
Postural differences between the two studies could have also contributed to 
the discrepancy in thermal sensitivity ratings, as the previous study was 
conducted in a supine position and the current study in a seated position. 
Takeda et al., (2016) observed thermal threshold differences when altering 
posture from a supine to a sitting position, during mild hyperthermia. In their 
thermoneutral condition participants were slightly more sensitive (although not 
significantly) to warm and cold and rated significantly higher whole body 
sensations when sitting. This is also reflected within the present findings when 
comparing warm sensitivity data between the two postures, whereby 
responses for young individuals were higher in the seated position (current 
166 
 
study). However, the same trend was not observed for older individuals. 
Although entirely speculative, it could be possible that posture may influence 
thermal sensitivity in the young but this effect may diminish with age, causing 
these differences. Future postural-related research is needed to explore the 
truth in this theory and the possible explanations. 
 
The change in thermal sensitivity from NEUT to COLD at each body region 
was consistent between age groups, showing an age-related difference at the 
knee region only. It is evident from Figure 5.12 that warm sensitivity was not 
greatly influenced by whole body cooling across all regions, opposing our 
original hypothesis. Interestingly, cold sensitivity was blunted during the COLD 
condition at almost every body region and was more prominent at the 
extremities (hand, foot and knee), contradicting previous research (Filingeri et 
al., 2017). Filingeri et al., (2017) observed that progressive whole body cooling 
facilitated warm but not cold thermal sensitivity of the hands and feet, in a 
dose-dependent fashion. Their study assessed thermal sensitivity with a 
thermal stimulator strapped to the skin, which was maintained at 30°C and 
then increased or decreased by 8°C. Participants donned a water perfused suit 
system to clamp Tsk during the whole body cooling phase, whereas the test 
regions (hands and feet) were in contact with ambient air and the thermal 
stimulator. This technique involves 3 different types of stimuli being applied to 
the skin which also counteract the natural decrease in local Tsk at the hands 
and feet by maintaining the region at 30°C. Although the aims of their study 
were to control Tsk, it is important to elucidate the application of such research 
and whether the same results would have occurred in a more realistic setting. 
This is reflected by the opposing findings in the present study, which is more 
representative of cold exposure in everyday, natural scenarios. 
 
Although not measuring cold thresholds, the study by Tochihara et al., (2011), 
demonstrated a greater blunting in warm sensitivity at the extremities during 
whole body cooling. This follows a similar pattern to the present study but in 
response to a cold stimulus and supports a common trend within the literature, 
which suggests the extremities are the least sensitive body region to a change 
in temperature. Moreover, Tochihara et al., (2011) found that this decrease in 
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sensitivity at the extremities was more prominent in older individuals, which 
they proposed may indicate a deterioration in temperature affector units with 
increasing age. While this was evident at the hand and knee region in the 
present study (cold TTS), the foot did not follow the same trend. 
 
5.5.3. Physiological and Whole Body Subjective Responses 
Exposure to the COLD condition significantly altered physiological and whole 
body subjective responses in both age groups. Tsk progressively decreased 
from 0-35 min before reaching stability prior to the sensitivity test (Figure 5.3). 
There were no age-related differences in ₸sk in the COLD which is surprising 
considering the well-known decline in older individual’s vasomotor responses. 
However, in support of this, similar Tsk between young and older individuals 
have been reported in several previous studies during cool/cold exposure (Falk 
et al., 1994; Kenney & Armstrong, 1996; Degroot & Kenney, 2007; Tochihara 
et al., 2011). Conversely, older individual’s Tcore was significantly lower than 
the young during the COLD condition from 10-40 min, which suggests that 
even during short duration cold exposure, older individuals have an impaired 
ability to maintain a thermal balance despite their higher fat content. Although 
older individuals had a lower Tcore, they had similar whole body thermal 
sensation and comfort responses to the young group throughout the COLD 
condition (Figure 5.7 and 5.8). This may not be alarming in the context of the 
present study, however if larger drops in Tcore during prolonged exposure to 
cold are not perceived by the older population, then the consequences may be 
fatal. The physiological and subjective responses discussed above, support 
the consensus that older individuals have an impaired defence during mild cold 
exposure (Kenney & Munce, 2003; Degroot & Kenney, 2007; Blatteis, 2012). 
Alongside a blunting in cold sensitivity, this impairment in cold defence 
mechanisms may increase the risk of cold-induced injury and illness in the 
older population. 
 
5.5.4. Skin Blood Flow, Skin Temperature and Sensitivity  
To further understand the results of this study, relationships between thermal 
sensitivity, SkBF (presented as CVC) and Tsk were assessed. Surprisingly, 
there was no evidence of a relationship between Tsk and SkBF in either group 
168 
 
or condition. Furthermore, no relationship was observed between overall 
thermal sensitivity (warm or cold) and SkBF in the young group. Conversely, in 
the older group, significant positive correlations were evident for warm 
sensitivity in the NEUT condition only, suggesting that a higher SkBF may 
facilitate overall warm sensitivity in older individuals. However, while thermal 
sensitivity was assessed at multiple body regions, SkBF was only measured at 
the forearm, thus further research is required to confirm this.  
 
Although a positive relationship between warm sensitivity and SkBF was 
observed in the present study, there was no relationship between sensitivity 
and local Tsk in the older group. In the younger group however, positive 
relationships were observed between local Tsk and sensitivity at the upper 
back region, for warm and cold sensitivity in the NEUT condition and cold 
sensitivity in the COLD condition. The significant relationship at the upper back 
is an interesting finding considering it is a region of high sensitivity, Tsk and 
also sweat production (as shown in Chapter 6). No other body region showed 
a significant relationship, which is consistent with the findings from Chapter 4.  
 
5.5.5. Limitations 
The order of the experimental design may be considered a limitation as both 
conditions (NEUT and COLD) were performed on the same day with the NEUT 
condition always preceding COLD. Numerous pilot tests were conducted to 
ascertain the order of the conditions, which showed that by balancing the 
exposure to NEUT and COLD, participant’s physiological and subjective 
variables would be inconsistent. It was therefore deemed appropriate to keep 
the order of conditions consistent throughout the study, in order to maintain 
stability in these responses. Unlike the previous two studies within this thesis, 
thermal sensitivity was only assessed at 8 body regions in the current study. 
The 8 locations were selected based on the findings from chapter 4, to include 
regions with the inter-individual variation trend, the most and least sensitive 
and also to ensure all body segments (head, torso, arms and legs) were 
stimulated. In order to test all 33 body regions, as in Chapter 3 and 4, 
participants would have had to remain in the chamber for an additional hour 
which, especially in the COLD condition, would have dramatically altered their 
169 
 
thermal state and caused shivering. It may also be suggested that the rapid 
change in the thermal state of the body in the cold condition could have 
affected thermal sensitivity responses differently in each participant as cooling 
occurred progressively over time. However, the order of the conditions were 
the same for each participant and the order of probe application (both 
temperature and location) was balanced in each group. Furthermore, prior to 
the thermal sensitivity test, the majority of thermal responses, both objective 
and subjective, had reached a stable plateau. 
 
5.5.6. Application 
The findings of the present study have both a health-related and practical 
application. Blunting of local cold sensitivity during whole body cooling could 
increase the risk of cold injuries, especially at the extremities. This may be 
relevant for extreme cold weather sports or everyday working environments for 
those in frequent contact with cold objects. Furthermore, it is also important to 
highlight that the lack of ability to sense a drop in Tcore in the older group, may 
be detrimental to health during cold spells, especially if this results in a failure 
to initiate an appropriate behavioural response. It may be that safety guidelines 
for working in the cold need to be revisited to reflect age-related differences in 
thermoregulatory responses. 
 
5.5.7. Conclusion 
In summary, the findings of this study demonstrate that local cold sensitivity is 
blunted during whole body cooling, but warm sensitivity is maintained in both 
young and older individuals. Alongside the attenuation in cold sensitivity, a 
diminished ability to preserve internal body temperature puts older individuals 
at an increased risk of cold induced illness and injury during exposure to cold 
environmental conditions. Furthermore, an age-related decline in sensitivity 
was observed as the older group had significantly lower ratings to a warm 
stimulus in both NEUT and COLD conditions, contrary to the findings 
presented in Chapter 4 of this thesis (in thermoneutral). This finding reiterates 
the potential thermoregulatory risks associated with ageing. 
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CHAPTER 6: Laboratory Study 4 
 
Regional Sweat Distribution in Young and Older 
Individuals 
 
 
6.1. Chapter Summary 
This study aimed to investigate age-related differences in regional sweat 
distribution during both rest and exercise in a hot environment (32°C/50%RH) 
in healthy, fit young (18-30 yrs) and older (60-80 yrs) individuals. As in Chapter 
3 and 4, a body mapping approach was utilised but in this chapter it was used 
to assess sweat rate rather than thermal sensitivity over the body. Technical 
absorbent pads were applied to the skin to measure regional sweat rate during 
passive heat stress (rest) and exercise heat stress. The main findings of this 
study were that, despite equal heat production, healthy older individuals had a 
significantly lower gross sweat loss than the young group and a significantly 
lower regional sweat rate at almost all body regions during rest and at the 
hands, legs, ankles and feet during exercise. The lower sweat rate in the older 
group coincided with a greater increase in Tcore, despite feeling cooler and 
more comfortable when compared to younger individuals working at the same 
fixed heat production. The findings of this study highlight the age-related 
deterioration in both autonomic and behavioural responses in the heat which 
may consequently impact health and wellbeing of older individuals. Along with 
the findings of the previous chapters presented in this thesis, this magnifies the 
risk that older individuals face when exposed to moderately challenging 
environmental conditions. 
 
6.2. Introduction 
Under thermoneutral, resting conditions, heat balance is subtly maintained via 
vasomotor adjustments, whereby heat is dissipated at a similar rate to heat 
production (Parsons, 2014). Conversely, during exercise and exposure to high 
environmental temperatures, the challenge of maintaining heat balance is 
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greater, as the requirement for heat dissipation becomes vital in preventing 
overheating (Smith & Johnson, 2016). Under these conditions, evaporation of 
sweat becomes the primary avenue of heat loss from the body, triggered by an 
increase in both Tcore and Tsk. Thus, understanding the mechanisms that 
underpin and potentially alter the sweat response in humans is important to 
maintain optimal function and survival.  
 
Human ageing is associated with an alteration in thermoregulatory function 
during both passive and exercise-induced hyperthermia (Kenney et al., 2014). 
This age-related alteration includes attenuation of the eccrine sweating 
response, which consequently impairs heat loss in warm environmental 
conditions and during exercise. A reduced sweat response is suggested to be 
due to a decrease in thermal sensitivity and atrophy of eccrine sweat glands, 
resulting in a lower sweat output per gland compared to younger individuals 
(Inoue & Shibasaki, 1996; Kenney & Munce, 2003; Smith et al., 2013a). 
Beginning with a decline in cutaneous vasodilation, the initial reduction in 
sweat gland output is subsequently followed by a decrease in the number of 
heat-activated sweat glands (Smith et al., 2013a). These age-related changes 
in thermoregulatory function may put older individuals at risk of hyperthermia 
related illness during exposure to warm/hot environments (Kenney & Munce, 
2003). 
 
As the sweating response plays such as major role in human survival and 
function, it is not surprising that a large body of research exists in this area, 
focusing on sweat production and regulation. Previous research has focused 
on regional (Havenith et al., 2008; Smith & Havenith, 2011, 2012, Smith et al., 
2013a, 2013b) and age-related (Kenney & Anderson, 1988; Tankersley et al., 
1991; Inoue et al., 1995, 1999a, 1999b; Dufour & Candas, 2007; Shibasaki et 
al., 2013; Smith et al., 2013a) differences in sweat rates over the body. It is 
known that there are regional differences in sweat rates over the body, with the 
highest sweat rates observed on the upper back and forehead and the lowest 
on the hands and feet (Havenith et al., 2008; Smith & Havenith, 2011, 2012). 
However, despite some research investigating the effect of ageing on the 
sweating response, typically measuring only a few small areas (2-5 m2) on the 
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body (Kenney & Anderson, 1988; Tankersley et al., 1991; Inoue et al., 1995, 
1999a, 1999b; Dufour & Candas, 2007; Shibasaki et al., 2013; Smith et al., 
2013a), it is not known whether this regional sweat pattern remains the same 
in older individuals, across the whole body. 
 
Within the literature there are numerous sweat collection methods and 
analyses, as well as the use of different stimuli to induce a sweat response. 
The most common method to assess local sweat rates is the utilisation of 
ventilated capsules, which attach to the skin and measure the difference in 
vapour content between influent and effluent air (Nadel et al., 1971; Morris et 
al., 2013). Despite the frequent use of this technique, it is not suitable for the 
measurement of large areas of skin. More recently, studies have used highly 
absorbent material placed on the skin to map regional variations in sweat rates 
over the torso (Havenith et al., 2008; Smith & Havenith, 2019) and whole body 
(Smith & Havenith, 2011, 2012). This method enables large areas to be 
measured simultaneously, whereby whole body sweat maps can be created 
and compared in different population groups. 
 
Comparison between different population groups such as gender, age or 
diseased individuals is a complex investigation due to several factors that may 
influence the sweat response (Cramer & Jay, 2014). Many studies have 
investigated age-related changes during passive heating (Inoue et al., 1991, 
1995; Inoue & Shibasaki, 1996; Dufour & Candas, 2007; Smith et al., 2013a) 
as this limits some confounding factors, however some studies have attempted 
to compare sweat rates during exercise (Anderson & Kenney, 1987; Kenney & 
Anderson, 1988; Smolander et al., 1990; Buono et al., 1991; Tankersley et al., 
1991; Havenith et al., 1995; Inoue et al., 1999a). The aforementioned studies 
using exercise as a stimulus for sweating, typically prescribe an exercise 
intensity based on an individual’s VO2max. However, according to Cramer & Jay 
(2014), selecting an intensity relative to an individual’s heat production is the 
most appropriate way to compare independent groups to avoid systematic 
differences in Tcore and local sweat rate, due to confounding factors including 
body mass, fat content and fitness level. 
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Currently, there is limited data assessing age-related differences in the 
regional distribution of sweat over the entire body during both rest and 
exercise. Therefore, the aim of this study was to compare sweat rates in young 
and older individuals, using a body mapping approach with technical 
absorbents, during passive and exercise induced heat strain, at a fixed rate of 
heat production (200 W.m-2).  
 
6.3. Methodology 
6.3.1. Participants 
Twenty-eight, healthy, white Western European males were recruited for this 
study from two age ranges: 14 young (18-30 yrs) and 14 older (60-80 yrs). All 
individuals were recreationally active and free from illness and injury. The 
selection criteria included only white Western European individuals due to the 
possible differences in sweat rates and the translation of subjective scales 
between ethnicities (Taylor, 2006; Havenith et al., 2017). Participant 
characteristics are documented in the results section (Table 6.5). 
 
Prior to taking part, participants were provided with detailed information about 
the study (example provided in Appendix D) and subsequently gave their 
written informed consent (Appendix A). Additionally, all participants were 
required to complete a health-screen questionnaire (Appendix B) and were 
excluded from the study if they failed to meet the required health standards. 
Due to the nature of the study, only participants that were non-smokers and 
had no history of, cardiovascular disease, skin/sweat related conditions or 
neuromuscular disorders were recruited. All participants in the older age group 
were required to undergo medical screening carried out by a clinician before 
taking part and were not taking any medication that may have influenced the 
results of the study. Furthermore, each participant provided details about their 
physical activity patterns using the International Physical Activity Questionnaire 
(IPAQ). All protocols and procedures involved in the study were approved by 
the Loughborough University Ethics Committee and are in line with the World 
Medical Association Declaration of Helsinki for medical research using human 
participants. 
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6.3.2. Experimental Design 
The aim of the experiment was to compare sweat rates at rest and during 
exercise between age groups (young and older) and between regions over the 
body. To achieve these aims, the study followed a balanced, independent 
group design. Participants attended the laboratory on three separate 
occasions (four for older participants to include the medical screening session) 
including a pre-experimental/familiarisation session (visit 1) and two main trials 
(visit 2 and 3). The two experimental trials (UPPER and LOWER) were 
completed in a balanced order after the pre-experimental session. All three 
sessions were completed at the same time of day (± 2 h) for each participant to 
minimise the influence of circadian rhythm. Sessions were conducted in the 
Environmental Ergonomics Research Centre at Loughborough University in a 
climate-controlled laboratory (20°C and 50% RH for the pre-experimental 
session and 32°C and 50% RH for the main trials). 
 
6.3.3. Pre-experimental Session 
All participants attended a pre-experimental session prior to the main trials 
which involved a submaximal exercise test, collection of anthropometric 
measurements and also familiarisation and clarification of the experimental 
protocol. 
 
Anthropometric Measurements 
On arrival at the laboratory, measures of participant’s height in cm 
(Stadiometer), body mass in kg (Metter Toledo kcc150, Metter Toledo, 
Leicester, UK, Resolution 1g) and body fat percentage via bio-electrical 
impedance (Body composition analyser, Tanita, MC-780MA) were recorded. 
Measurements were also taken to calculate the sizes of each individual sweat 
pad for each participant. The body dimensions and anatomical landmarks used 
in the production of the sweat pads are in accordance with Smith and Havenith 
(2011) which were previously modified from the guidelines provided by 
Lohmann et al., (1988). Descriptions of the landmarks used for the 
measurements are outlined in the supplementary material provided by Smith & 
Havenith, (2011). The same anatomical tape measure was used by the same 
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investigator for all body measurements and values were recorded to the 
nearest 0.1 cm. 
 
Submaximal Exercise Test 
After these measurements were taken, participants completed a submaximal 
exercise test on a treadmill (HP Cosmos Mercury 4.0, HP Cosmos Sports & 
Medical GMBH, Nussdorf-Traunstein, Germany) in a controlled climate 
(20°C/50% RH). The test comprised of five stages each lasting 3 min in 
duration (Table 6.1 shows the speed and incline of each stage). After several 
pilot tests the submaximal test was modified to fit the purpose of the study and 
was conducted primarily in order to calculate the work intensity for the main 
trials and secondly to estimate the fitness level of each participant. In order for 
participants in the older age group to be able to complete the test in a safe 
manner, incline was increased instead of speed as shown in Table 6.1. 
 
Table 6.1. Speed and incline of the submaximal exercise test. 
 
 
 
 
 
During the exercise test participants wore a heart monitor on the chest 
(COSMED, Rome, Italy) and the wrist (Polar A360, Polar Electro Oy, 
Professorintie 5, FI-90440 Kempele, Finland) which recorded heart rate every 
5 s. Participants also wore a rubber silicone facemask attached to a turbine, 
which linked to an online breath-by-breath analysis system (Quark CPET, 
COSMED, Rome, Italy) for the measurement of oxygen uptake, carbon dioxide 
production and subsequent calculations of heat production and VO2max. At the 
end of each stage, participants rated their level of perceived exertion (RPE) 
using a subjective scale (Borg, 1982). The test was terminated once the 
participants’ heart rate reached 85% of their age predicted maximum (220-
Stage Time (min) Speed (km/h) Incline (%) 
1 3 3.5 1 
2 6 3.5 5 
3 9 3.5 10 
4 12 3.5 15 
5 15 3.5 20 
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age), they completed the last stage of the test or they voluntarily stopped the 
test.  
 
The VO2max of each participant was estimated by plotting heart rate against 
VO2 and applying a line of best fit extending to the value of age predicted 
maximum heart rate (220-age). This enabled the prediction of VO2 at the 
‘maximum’ heart rate value of each participant. As the population group used 
in this study included individuals over the age of 60 yrs, a full maximal exercise 
test was not conducted to limit any risk, and therefore the VO2max values 
reported are estimations and should be interpreted with care. Given the 
experimental design (fixed heat production), this does not affect the 
interpretation of the results. 
 
Heat Production Calculation 
In order to prescribe an exercise intensity for the main trials, the rate of 
metabolic energy expenditure (M) and heat production was estimated for each 
participant using the data collected during the submaximal exercise test. For 
the purpose of the study, all participants were required to work at a metabolic 
heat production rate of W.m-2 which was estimated as follows: 
 
𝑀 = VO2  ∗
[(
RER − 0.7
0.3 ) ∗ ec] +  [(
1.0 − RER
0.3 ) ∗ ef]
60 ∗ BSA
∗ 1000 
 
Where: 
RER is respiratory exchange ratio 
BSA is body surface area (m2) 
ec is energy equivalent of carbohydrate (21.13 kJ) per L of O2 consumed per 
min (L.min-1) 
ef represent the energy equivalent of fat (19.69 kJ) per L of O2 consumed per 
min (L.min-1)  
Heat production was then estimated as the difference between M and the 
external work produced (W.m-2) (Cramer & Jay, 2014). 
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6.3.4. Experimental Preparation 
Core Temperature Pill 
For the measurement of core temperature (Tcore) throughout the experimental 
trials, each participant swallowed an ingestible temperature pill (VitalSense 
capsule, Respironics Inc., Germany, Range: 32-42°C) which was monitored 
using a VitalSense Integrated Physiological Monitoring System (Mini Mitter 
Company, Inc. Bend, Oregon, USA).  
 
Prior to the trials all participants were informed about the procedure and use of 
the Tcore pill and completed a health screen questionnaire (Appendix C) to 
confirm their suitability for swallowing the pill. Before use, each pill was first 
activated using the VitalSense monitoring system and assigned a unique code 
for tracking. This was then given to the participant to take home with a detailed 
instruction sheet on how to swallow. The pill was ingested 5 h before the 
experimental session was due to start and a wristband was worn to identify 
that each participant had swallowed an MRI incompatible device for safety 
purposes. The wristband was worn for 72 h after the trial as a precaution. 
 
Absorbent Sweat Pads 
Prior to all experimental trials, absorbent sweat pads (Technical Absorbent, 
Product 2724) were individually cut for each participant based upon the 
measurements taken in the pre-experimental session. The size and positioning 
of the pads were developed based on the work conducted by (Smith & 
Havenith, 2011). All pads were first drawn as paper templates before being 
copied onto the absorbent material and cut out with textile scissors. A total of 
92 pads (46 for rest and 46 for exercise) were measured and produced per 
participant. Absorbent pads were applied to the torso, arms and legs and 
100% cotton gloves and socks were applied to the hands (Cotton knit material 
stitched gloves, The Healthy house Ltd, Stroud, Glos, UK) and feet (100% 
cotton socks, Universal Textiles, Leicester, UK), respectively. The locations of 
all pads are illustrated in Figure 6.1 which differs slightly from the work by 
Smith in which the fingers and toes were split into sections (Smith & Havenith, 
2011, 2012).   
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Absorbent Pad Application 
In order to avoid changing the thermal state of the body with the application of 
the absorbent pads, the experiment was split into two identical trials, as 
covering the entire body would limit heat dissipation. One trial included sweat 
collection of the torso, arms and hands (UPPER) and the second trial, legs and 
feet (LOWER). The process of pad application is detailed below. 
 
Absorbent pads covered both the anterior and posterior torso and two pads 
covered the right and left lateral regions along the mid-axillary line. The torso 
pads were divided into upper, middle and lower regions on the right and left 
side of the body so that when placed together the pads covered the majority of 
the torso. The arm pads covered both the upper and lower arms on the 
anterior and posterior side with four pads in total for each arm. Similarly the leg 
1 Shoulders 
2 Lateral upper chest 
3 Medial upper chest 
4 Lateral mid anterior torso 
5 Medial mid anterior torso 
6 Sides 
7 Lower anterior torso 
8 Lateral posterior upper torso 
9 Medial posterior upper torso  
10 Lateral posterior mid upper 
11 Lateral posterior mid lower 
12 Centre posterior mid 
13 Posterior lower torso 
14 Anterior upper leg 
15 Medial upper leg 
16 Posterior upper leg 
17 Lateral upper leg 
18 Lateral lower leg 
19 Medial lower leg 
20 Posterior lower leg 
21 Anterior upper arm 
22 Posterior upper arm 
23 Anterior lower arm 
24 Posterior lower arm 
25 Medial ankle 
26 Lateral ankle 
27 Hands 
28 Feet 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Figure 6.1. Positioning of the absorbent pads over the body surface. 
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pads were divided into upper and lower sections, however the upper leg was 
subdivided into four equal sections (anterior, posterior, lateral and medial) and 
the lower leg into three (medial, lateral and posterior). Two sets of pads were 
produced for each participant to enable measurements during both the rest 
and exercise period. 
 
All pads were attached to customised plastic sheeting using both single and 
double-sided tape. The use of the plastic sheeting was to enable rapid 
application and removal of the absorbent pads during testing. The size and 
shape of the plastic sheeting was determined from the body measurements 
taken in the pre-experimental session. The torso pads were applied to a single 
piece of plastic sheeting with a hole cut in the top to enable it to be placed over 
the participant’s head to cover the anterior and posterior torso (Figure 6.2). 
This was then secured in place with tape attaching both sides together (Figure 
6.3). Over the top of the plastic sheeting participants wore a stretch zip long 
sleeved t-shirt to ensure that all pads were uniformly pressed against the skin 
and held in position for the duration of the sweat collection period.  
 
The same method was used for the other areas of the body with four sets of 
sheeting for both the upper and lower arms and legs. The arm pads were held 
in position with the same stretch zip t-shirt as the torso and the leg pads with 
Lycra zip running leggings. The ankle pads were held in place inside the cotton 
socks. The cotton gloves and socks were covered with latex laboratory gloves 
and plastic foot covers, respectively, to create an impermeable layer to prevent 
the evaporation of sweat from the cotton during this measurement. This also 
ensured that the cotton was pressed against the skin during the collection 
period. 
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Figure 6.3. Application of absorbent pads in the UPPER and LOWER trials. 
 
 
Weighing of Absorbent Pads/Cotton Material 
For the estimation of sweat rate, each absorbent pad and cotton item (gloves 
and socks) were weighed before and after application using electronic scales 
(Kern and Sohn GmbH, D-72336 Balingen, Germany) to the nearest 0.001g. 
After application, each pad/cotton item was removed from the plastic sheeting 
and immediately placed in individual airtight zip-lock plastic bags to prevent the 
evaporation of sweat from the pad. Each bag was individually labelled and the 
weight of each empty bag was recorded.  
 
To test the accuracy and error of this method a pilot test was conducted to 
check whether the dry weight of the pad was the same before and after testing 
by drying out the pads/cotton material after use in an environmental chamber 
set at 25°C/7% RH for 5 h and re-weighing them. From this it was shown that 
Figure 6.2. Absorbent pads of the torso tapped 
to the customised plastic sheeting. 
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the weighing technique used was suitable for the purpose of this study as 
minimal difference was observed in pad weight. 
 
6.3.5. Experimental Protocol 
All participants refrained from alcohol, vigorous exercise and application of any 
sprays or moisturisers 24 h before their visit to the laboratory. On the day of 
the trial participants were instructed to ingest a Tcore pill 5 h before the start of 
their trial and were also advised to drink plenty of water (500 mL 2 h prior) to 
ensure they were sufficiently hydrated before exercising in a hot environment.  
 
On arrival at the laboratory, participants changed into standardised clothing, 
which consisted of a test t-shirt and test running shorts provided by the 
researcher and their own personal trainers and socks for all trials. They then 
remained in a preparation room for a 30 min stabilisation period were they 
were fitted with a heart rate monitor worn on the wrist and briefed on the 
experimental process and the use of subjective scales. Participants also 
provided a urine sample for assessment of hydration status using a 
Refractometer (Clinical Master Refractometer, Atago, Japan) and were 
deemed to be euhydrated if urine specific gravity was ≤1.020 (Sawka et al., 
2007). 
 
Once stabilised to a thermoneutral environment, participants entered the 
environmental chamber set at 32°C and 50% RH. Immediately on entering the 
chamber, participants were weighed semi-nude and then stood in an 
anatomical position for an infrared thermal image to be taken of their front and 
back, using an infrared camera (FLIR T620, FLIR Systems Inc. Wilsonville, 
USA). Infrared images were taken throughout the trial (before and after pad 
application) to determine regional skin temperature (Tsk) to ensure that the 
absorbent pads did not change the thermal state of the body during application. 
Before all images were taken the participant’s skin was dried down by patting 
the skin with a towel to remove sweat from the surface. 
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Participants then rested for 25 min in a perforated, hard plastic chair and every 
5 min were asked to rate their whole body thermal sensation and thermal 
comfort. During this time heart rate and Tcore was also recorded at 5 min 
intervals as well as environmental temperature and RH (Testo 435-2 with 
integrated hot wire probe, Testo Ltd, Alton, Hampshire, UK). After the rest 
period, an infrared image was taken and the absorbent pads were applied to 
the skin with accompanying stretch zip t-shirt/leggings worn over the top for a 
total of 5 min for sweat collection at rest. Once the pads were applied to the 
skin, participants sat back in the chair for the duration of the sweat collection 
period. Pads were then removed from the skin and the plastic sheeting and 
placed into their individual plastic zip-lock bags for weighing as quickly as 
possible. Participants were towel dried and another infrared thermal image 
was taken before the post-rest weight was recorded.  
 
The second part of the protocol involved a 25 min exercise period where 
participants walked at a heat production of 200 W.m-2 on a treadmill with a 
relative wind speed of 1.5 m.s-1. During the exercise, ratings of thermal 
sensation, thermal comfort and RPE were recorded alongside heart rate and 
Tcore. After the exercise period, participants dismounted the treadmill for an 
infrared image and the application of absorbent pads and began walking again 
at the same intensity for the 5 min sweat collection period. Pads were then 
removed and bagged and the final infrared image and weight recording was 
taken. Before leaving the chamber, participants rested in a seated position 
until it was evident that their Tcore was decreasing after the exercise. They then 
exited the chamber into a thermoneutral environment and remained in the 
laboratory until Tcore returned to baseline. Figure 6.4 details the experimental 
protocol. 
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Infrared Images 
Throughout the study, whole body infrared thermal images were taken of the 
participant’s front and back to assess regional Tsk as explained previously. The 
infrared camera was aimed at a perpendicular angle, 2 m away from the body. 
The camera was calibrated using a blackbody (BLACKPOINT, Blackbody 
Calibrator, BB702, Omega, USA) which was visible in each infrared image. 
After each trial, the images were analysed using FLIR Systems Inc. software 
(Camera updater and report generator version 2.0 and Thermocam 
Researcher version 2.8) by selecting regions of interest based on anatomical 
land marks on the right side of the body only.  
 
Subjective Scales 
At 5 min intervals during the trials, participants were asked to rate their thermal 
sensation, thermal comfort and RPE using visual subjective scales (Figure. 
6.5). The same scales employed in previous chapters were used in this study 
with the addition of the Borg RPE scale during the exercise period. These 
 
Figure 6.4. Schematic of the experimental protocol in the UPPER and 
LOWER trials. 
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scales were employed for both safety criteria and between group comparison 
analyses.  
 
6.3.6. Analyses 
Calculations to estimate gross, regional and normalised sweat loss are 
detailed below. All statistical analysis is also described in this section. 
 
Gross Sweat Loss  
The total amount of sweat lost (gross sweat loss: GSL) was calculated based 
on the weight change of each participant during the rest and exercise period of 
each trial after being towel dried. Calculations are presented in g and g per 
surface area per hour (g.m-2.h-1) as follows: 
 
GSL (g) =  𝑤𝑏1 −  𝑤𝑏2 
GSL (g. 𝑚−2. ℎ−1) =  
[
(𝑤𝑏1 −  𝑤𝑏2)
𝑆𝐴 ]
𝑡
∗ 3600 
 
 
 
Figure 6.5. Subjective scales used throughout the study to rate thermal sensation (A), 
thermal comfort (B) and RPE (C). 
 
185 
 
Where:  
wb1 is body weight at the start of the experiment (kg) 
wb2 is the body weight at the end of experiment (kg) 
t is the time duration of the experiment (s) 
 
Subsequently, corrections were made to account for respiratory and metabolic 
mass loss. Evaporative loss from respiration (Eres) was calculated based on 
previous work by Livingstone et al., (1994) : 
 
𝐸𝑟𝑒𝑠 = 1.27 ∗ 10
3 ∗ 𝑀(59.34 + 0.53 ∗ 𝑇𝑎 − 11.69 ∗ 𝑃𝑎) 
 
This was then converted into mass loss (g) using the following equation: 
𝑀𝑎𝑠𝑠 𝑙𝑜𝑠𝑠 (𝑔) =  𝐸𝑟𝑒𝑠 ∗ 𝑡 ∗
1
2430
 
Where: 
Eres is evaporative loss from respirations (W.m
-2) 
M is metabolic rate (W.m-2) 
Ta is ambient air temperature (°C) 
Pa is partial pressure of water vapour (kPa) 
t is time duration of exercise/rest period (s) 
2430 is latent heat of evaporation of 1 gram of water (J.g) 
 
Metabolic mass loss was estimated using the following equation: 
𝑀𝑒𝑡𝑎𝑏𝑜𝑙𝑖𝑐 𝑚𝑎𝑠𝑠 𝑙𝑜𝑠𝑠 (𝑔) =  (
𝑉𝑂2(44 ∗ 𝑅𝐸𝑅 − 32)
22.4
) ∗ 𝑡 
Where: 
VO2 is rate of oxygen consumption (L.min
-1) 
RER is respiratory exchange ratio 
t is time (s) 
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In the rest period calculations, the RER, VO2 and metabolic rate values 
required in the previous equations are taken from resting estimates within the 
literature (Parsons, 2014). For the exercise period, these values were taken 
from data collected during the submaximal exercise test at the given workload. 
 
Regional Sweat Rate 
Regional sweat rates were calculated from the change in weight of each 
absorbent pad, the surface area of each pad and the duration of the 
application to the skin. Control samples of the materials used in sweat 
collection (pads, socks and gloves) were produced in order to determine the 
dry weight per unit area, which was then used in the calculation of surface 
area of each region. The calculation for the dry weight per unit area is as 
follows: 
𝐴𝑟𝑒𝑎 𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑤𝑒𝑖𝑔ℎ𝑡 (𝑔. 𝑚−2) =  (
𝑤𝑐
𝑎𝑐
) ∗ 10000 
Where: 
wc is weight of control material (g) 
ac is area of control material (cm
2) 
 
The control sample details and the calculated weight per unit area for the 
absorbent pads, gloves and socks are displayed in Table 6.2, 6.3 and 6.4 
respectively. The dry weights of the materials used for sweat collection were 
deemed to be stable. 
 
Table 6.2. Control samples of absorbent material for calculation of pad surface area. 
Sample no. Area (cm2) Weight (g) g.m-2 
1 400 7.89 197.2 
2 400 8.15 203.7 
3 400 7.77 194.2 
4 400 7.96 199.0 
5 400 8.24 206.0 
6 400 8.23 205.8 
Mean ± SD 400 ± 0 8.04 ± 0.20 201.0 ± 4.9 
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Table 6.3. Control samples of cotton glove material for calculation of pad surface area. 
Sample no. Area (cm2) Weight (g) g.m-2 
1 36 0.89 247.9 
2 36 0.91 251.8 
3 36 0.89 246.4 
4 36 0.95 265.0 
5 36 0.87 242.8 
6 36 0.94 259.7 
Mean ± SD 36 ± 0 0.91 ± 0.03 252.3 ± 8.5 
 
Table 6.4. Control samples of cotton sock material for calculation of pad surface area. 
Sample no. Area (cm2) Weight (g) g.m-2 
1 100 2.30 229.6 
2 100 2.17 216.8 
3 100 2.12 212.3 
4 100 2.19 218.7 
5 100 2.21 221.3 
6 100 2.20 219.8 
Mean 100 ± 0 2.20 ± 0.06 219.7 ± 5.7 
 
 
The mean value of weight per unit area of the materials, displayed in the 
above tables, was used for the calculation of surface area as follows: 
 
𝑆𝐴 =  
𝑤𝑑
Area specific weight  (𝑔. 𝑚−2 )
 
 
Where: 
SA is surface area (m2) 
wd is dry weight of material (g) 
 
Regional sweat rate (g.m-2.h-1) was then calculated based on the weight 
change of each pad and cotton glove/sock, the surface area calculated above 
and the length of time each material was applied to the skin, as follows: 
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𝑅𝑒𝑔𝑖𝑜𝑛𝑎𝑙 𝑆𝑤𝑒𝑎𝑡 𝑅𝑎𝑡𝑒 (𝑔. 𝑚−2. ℎ−1) =  
[
(𝑤𝑤 − 𝑤𝑑)
𝑆𝐴 ]
𝑡
∗ 3600 
Where: 
ww is the wet weight of each pad/cotton material (g) 
wd is the dry weight of each pad/cotton material (g) 
SA is surface area of each pad/cotton material (m2) 
t is time duration of pad/cotton material application to skin (s) 
 
The data from the UPPER and LOWER trials in the rest and exercise period 
were combined to create whole body sweat maps. As the gross sweat losses 
in the two trials were slightly different (Table 6.7), a correction was applied to 
standardise regional sweat rates towards the mean gross sweat loss of both 
trials (Smith & Havenith, 2011). This correction is based on the assumption 
that within the rest and exercise period, there is a relation between regional 
and gross sweat loss. The mean, median and standard deviation were 
calculated for all sweat rates for use within the analysis. For the purpose of this 
study, whole body sweat maps were created using median sweat rates to 
show the ‘average sweater’ rather than the average amount of sweat 
produced, in line with Smith & Havenith, (2011). Regional sweat loss was also 
compared between the right and left side of the body for the rest and exercise 
period in both age groups. 
 
Normalised Sweat Data 
Sweat rate values for each body region were normalised for the area weighted 
whole body sweat rate of all measured regions (all absorbent pads) for each 
individual and then the median of all individuals was taken. Normalising sweat 
rate standardises the data across participants and allows easier visuals to 
compare relative sweat rate. When comparing participants within different 
populations groups this is of particular use, especially for assessing the 
regional distribution of sweat rate over the body. The calculation for the 
normalised ratio sweat data for an individual region is as follows: 
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𝐼𝑛𝑑𝑖𝑣𝑖𝑑𝑢𝑎𝑙 𝑛𝑜𝑟𝑚𝑎𝑙𝑖𝑠𝑒𝑑 𝑅𝑆𝑅 =
𝐿𝑜𝑐𝑎𝑙 𝑅𝑆𝑅 (𝑖. 𝑒. 𝑠ℎ𝑜𝑢𝑙𝑑𝑒𝑟)
𝑆𝐴 𝑤𝑒𝑖𝑔ℎ𝑡𝑒𝑑 𝑚𝑒𝑑𝑖𝑎𝑛 𝑅𝑆𝑅 𝑜𝑓 𝑎𝑙𝑙 𝑝𝑎𝑑𝑠
 
Where: 
RSR is regional sweat rate (g.m-2.h-1) 
SA weighted RSR of all pads (g.m-2.h-1) 
 
Statistical Analysis 
Statistical analysis was completed using Microsoft Excel and statistical 
software package (SPSS version 23.0, IBM, USA). Differences in regional 
sweat rates between age groups were assessed using a Two-way ANOVA. 
The large number of comparisons may increase the likelihood of inflating type I 
error and so Bonferroni corrections were applied to account for multiple 
comparisons. However, correcting the data using such a conservative 
correction factor also increases the risk of type II error (Havenith et al., 2008). 
For these reasons, both Bonferroni corrected and uncorrected data are 
presented within the results. Gross sweat loss and hydration status were 
analysed using independent t-tests and Tcore, Tsk, heart rate, RPE and thermal 
sensation/comfort were analysed using a Two-way ANOVA. Pearson 
correlations were performed to assess relationships between regional Tsk, 
fitness level and sweat rate. Unless otherwise stated, significance was set at 
the p < 0.05 level. 
 
6.4. Results  
All physiological and subjective responses were compared between UPPER 
and LOWER trials in both age groups and no significant differences were 
observed (p > 0.05). It was therefore deemed appropriate to combine data 
from both trials to compare between age groups. Unless otherwise stated, the 
data presented below is an average of the UPPER and LOWER trials over the 
duration of the protocol. 
 
6.4.1. Participants 
Participant characteristics were analysed using independent samples t-tests 
which confirmed significant differences in age (p = 0.0001), height (p = 0.03), 
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body fat percentage (p = 0.001) and VO2max (p = 0.001) between groups 
(Figure 6.5). No differences were observed in body mass or body surface area 
(BSA) between the young and older group (p > 0.05). 
 
Table 6.5. Participant characteristics of both  groups. *Significant difference between groups. 
Group Age 
(yrs) 
Height 
(cm) 
Weight 
(kg) 
BSA 
(m2) 
Body Fat 
(%) 
VO2max 
(ml.kg-1.min-1) 
Young 
 (n =14) 
24 ± 2* 180.6 ± 7.7* 78.0 ± 11.4 2.0 ± 0.2 15.2 ± 3.0* 48.1 ± 6.8* 
Older 
(n=14) 
68 ± 5 174.9± 4.6 76.4 ± 8.6 1.9 ± 0.1 20.9 ± 4.0 35.5 ± 5.3 
 
 
6.4.2. Environmental Conditions 
During each trial the environmental conditions were closely monitored and 
controlled at 32°C/50% RH. There were no significant differences between 
UPPER and LOWER trials (p > 0.05) or age groups (p > 0.05), indicating that 
the environmental conditions were stable throughout the study (Table 6.6).  
 
Table 6.6. Environmental conditions between trials and age groups. 
 
Air Temperature (°C) Relative Humidity (%) 
Group UPPER LOWER UPPER LOWER 
Young 32.0 ± 0.1 32.0 ± 0.1 50.2 ± 0.6 50.5 ± 0.5 
Older 32.0 ± 0.1 32.0 ± 0.1 50.4 ± 0.8 50.8 ± 1.0 
 
 
6.4.3. Core Temperature 
Older individuals had a significantly lower Tcore from PRE to 5 min into the trial 
(p < 0.05) when compared to the young group (Figure 6.6). Tcore remained 
lower in the older group up until 60 min into the trial where it began to surpass 
the younger group during the exercise period. The ∆Tcore from pre-post in the 
rest and exercise period was compared between age groups (Figure 6.7). 
Older individuals had a significantly higher ∆Tcore in both the rest and exercise 
period of the trial when compared to the young group as shown in Figure 6.7. 
191 
 
 
Figure 6.6. Core temperature (°C) during the rest and exercise period 
between age groups. *Significantly different between groups. 
 
 
6.4.4. Heart rate 
Heart rate remained stable during the rest period before an increase at the 
commencement of exercise (Figure 6.8). Older individuals had a significantly 
lower heart rate from 5-40 min and 50-65 min during the trial when compared 
to the young group (p < 0.05). However, these values represent a significantly 
 
Figure 6.7. ∆core temperature (°C) during the rest and exercise 
period in both age groups. *Significantly different between groups. 
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higher % heart rate max (220-age) for older individuals at all time points and 
thus when this is accounted for, the graph would display the opposite. On 
average, % heart rate max was 41% at rest and 53% during exercise in the 
young group and 49% and 64% in older individuals, respectively.  
 
 
 
Figure 6.8. Heart rate responses during the rest and exercise period 
between both age groups. *Significantly different between groups. 
 
 
6.4.5. Subjective Responses 
Whole Body Thermal Sensation 
Whole body thermal sensation was recorded every 5 min throughout the trials. 
There were significant differences between age groups at PRE and 20-35 min 
(p < 0.05) as shown in Figure 6.9. There was a trend for older individual’s 
thermal sensation responses to be lower throughout the entire trial when 
compared to the young group. Mean responses in both age groups were 
between ‘slightly warm’ and ‘slightly cool’ at the beginning of the trial and 
reached ‘warm’ to ‘hot’ towards the end. 
 
Whole Body Thermal Comfort 
A similar trend was observed for thermal comfort between groups with older 
individuals’ responses remaining lower throughout the trials (Figure 6.10). 
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However, these responses were only significantly lower than the young group 
between 30-35 min (p < 0.05). Participants in both groups perceived 
themselves to be ‘comfortable’ at the beginning of the trial, reaching ‘slightly 
uncomfortable’ towards the end. 
 
Figure 6.10. Thermal comfort responses during the rest and exercise 
period between age groups. *Significantly different between groups. 
 
 
 
Figure 6.9. Thermal sensation responses during the rest and exercise 
period between age groups. *Significantly different between groups. 
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Rating of Perceived Exertion 
Throughout exercise RPE was stable in both groups (Figure 6.11); however it 
was significantly higher in the older age group when compared to young at all 
time points (p < 0.05) which coincides with heart rate when expressed as % of 
heart rate max. 
 
 
Figure 6.11. RPE responses during the rest and exercise period between age 
groups. *Significantly different between groups. 
 
6.4.6. Hydration Status 
Prior to the start of each trial, participants provided a urine sample and were 
deemed to be euhydrated if urine specific gravity was ≤1.020. All participants 
were within the euhydrated range on arrival to the laboratory. There was no 
significant difference in hydration status (p > 0.05) between the young (1.011 ± 
0.006) and older group (1.010 ± 0.008). 
 
6.4.7. Gross Sweat Loss 
Gross sweat loss was calculated using the equations presented in section 
6.3.6 and compared across age groups and UPPER and LOWER trials. These 
values were corrected for respiratory and metabolic mass loss, however both 
corrected and uncorrected values are shown in Table 6.7. Young individuals 
had a significantly higher gross sweat loss in the UPPER and LOWER trial 
(corrected and uncorrected) during both rest and exercise when compared to 
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the older group (p < 0.05). No significant differences were observed between 
UPPER and LOWER gross sweat loss (corrected and uncorrected) in either 
age group (p > 0.05). 
 
UPPER and LOWER corrected values were combined for an overall gross 
sweat loss comparison between age groups. The younger individuals had a 
significantly higher gross sweat loss during rest (p = 0.0001) and exercise (p = 
0.01) as shown in Table 6.8. These gross sweat loss values were compared 
with the sum of the surface area weighted sweat rate of all pads which was 
shown to significantly under predict sweat loss (p < 0.05) in absolute values (g) 
but not in relative values (g.m-2.h-1) as shown in Table 6.8. All gross sweat loss 
values were significantly higher in the exercise compared to rest period (p < 
0.001). 
 
6.4.8. Gross Sweat Loss and VO2max 
Total combined gross sweat loss was plotted against predicted VO2max for the 
young and older group and a Pearson’s correlation was performed. No 
relationship was observed between gross sweat loss and VO2max in the young 
(r = -0.19, p = 0.52) or older group (r = 0.20, p = 0.50) as shown in Figure 6.12. 
 
 
Figure 6.12. Total combined (rest and exercise) gross sweat 
loss (g.m-2.h-1) and VO2max (ml.kg
-1.min-1) for all participants. 
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Table 6.7. Mean gross sweat loss in the UPPER and LOWER trials uncorrected (UC) and corrected (C) for respiratory and metabolic mass loss 
at rest and exercise in both age groups. *Significantly different between groups. 
 UPPER Gross Sweat Loss (g.m
-2.h-1) LOWER Gross Sweat Loss (g.m-2.h-1) 
Group UC  
Rest 
C  
Rest 
UC  
Exercise 
C 
Exercise 
UC  
Rest 
C  
Rest 
UC  
Exercise 
C 
Exercise 
Young 104.9 ± 21.9 100.8 ± 21.9 276.6 ± 34.8 260.8 ± 33.1 101.8 ± 22.5 97.7 ± 22.8 274.1 ± 30.2 258.5 ± 29.5 
Older 46.9 ± 24.7* 42.6 ± 24.8* 239.9 ± 55.5* 220.9 ± 55.1* 61.3 ± 21.5* 57.0 ± 21.7* 231.8 ± 41.7* 212.8 ± 40.6* 
 
 
Table 6.8. Mean gross sweat loss (UPPER and LOWER trials combined) (30 min period) combined and sum of surface area weighted sweat 
rate of all pads (during the last 5 min). *Significantly different between groups. #Significantly different from gross sweat loss. 
 
Gross Sweat Loss 
(g) 
SA Weighted Sweat Rate 
(g) 
Gross Sweat Loss 
(g.m-2.h-1) 
SA Weighted Sweat Rate 
(g.m-2.h-1) 
Group Rest Exercise Rest Exercise Rest Exercise Rest Exercise 
Young 102.8 ± 21.6 275.0 ± 49.6 75.7 ±19.0# 186.7 ± 36.7# 99.3 ±18.3 259.6 ± 28.6 101.3 ± 31.3 250.5 ± 40.2 
Older 51.9 ± 18.8* 229.9 ± 54.2* 41.3 ± 15.3*# 153.0 ± 39.6*# 49.8 ± 19.6* 216.9 ± 43.7* 57.9 ± 21.1* 215.2 ± 55.7* 
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6.4.9. Regional Sweat Rate 
Differences in regional sweat rate between the right and left side of the body 
were observed at several body regions (between 11-54 g.m-2.h-1). In the older 
group the right posterior lower arm had a significantly higher sweat rate 
compared to the left during rest (p = 0.04) and exercise (p = 0.01). In the 
young group at rest, the right shoulder (p = 0.01), side (p = 0.01) and lateral 
upper leg (p = 0.02), had significantly higher sweat rates than the left side and 
during exercise this was evident at the anterior (p = 0.01) and posterior lower 
arm (p = 0.001) and the lateral lower leg (p = 0.03). After Bonferroni 
corrections right to left differences were only evident at the posterior lower arm 
in the young group in the exercise period. As these differences only 
represented a small number of the total regions tested, it was decided that 
grouping right and left regional sweat rates was appropriate for analysis 
between age groups. This also reduced the amount of comparisons to be 
made between regions and thus decreased the likelihood of Type I error in line 
with Smith & Havenith, (2011, 2012). 
 
Median grouped data for both age groups are illustrated in the whole body 
sweat maps in the figures below for the rest (Figure 6.13) and exercise (Figure 
6.14) period. Descriptive statistics of the sweat rates for rest and exercise 
values are presented in Table 6.9 and 6.10 respectively. During passive 
heating (rest), younger individuals had higher regional sweat rates at all body 
regions, however these differences were only significant at the following 
regions (10 out of 18 regions): shoulders (p = 0.01), lateral upper chest (p = 
0.02), medial upper chest (p = 0.02), lateral mid anterior torso (p = 0.04), 
medial mid anterior torso (p = 0.01), medial posterior upper torso (p = 0.01), 
lateral posterior mid upper (p = 0.01), lateral posterior mid lower (p = 0.04), 
centre posterior mid (p = 0.01), posterior lower torso (p = 0.01) and all regions 
at the legs and feet body regions (p = 0.001). After Bonferroni corrections, 
younger individuals had significantly higher sweat rates at lower body regions 
only (legs, ankles and feet). During the exercise period, young individuals had 
significantly higher sweat rates than the older group at the hands (p = 0.03) 
and all lower body regions (p ≤ 0.03). However, after Bonferroni corrections, 
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these differences were only significant at the lateral ankle and the feet (p = 
0.001). 
 
Regional sweat rates during the exercise period were significantly higher than 
the rest period at all body regions in both age groups (p ≤ 0.001). The same 
findings were observed after Bonferroni corrections. 
 
For presentation in Figure 6.15 and 6.16, regional sweat rates were 
normalised for the surface area weighted sweat rate of all zones for each 
individual and then a median of all individuals was used, in line with Smith & 
Havenith, (2011, 2012). Table 6.9 and 6.10 highlight significant differences in 
normalised sweat rates between age groups. The distribution pattern in sweat 
rate between rest and exercise was similar with the extremities being lower 
than the torso. A value of 1 is equal to gross sweat loss, where values of >1 
and <1 shown areas that are lower and higher than gross sweat loss, 
respectively. 
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Figure 6.13. Absolute regional median sweat rates (g.m-2.h-1) in the young and older age 
group during the rest period when exposed to 32°C and 50% RH. 
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Figure 6.14. Absolute regional median sweat rates (g.m-2.h-1) in the young and older age 
group during the exercise period when exposed to 32°C and 50% RH. 
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Figure 6.15. Normalised regional median sweat rates in the young and older age group 
during the rest period (>1 = higher than GSL, 1 = GSL, <1 = less than GSL). 
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Figure 6.16. Normalised regional median sweat rates in the young and older age group 
during the rest period (>1 = higher than GSL, 1 = GSL, <1 = less than GSL). 
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Table 6.9. Descriptive statistics for all regions tested during the rest period in young and older individuals. Significance level between age 
groups are displayed as *p < 0.05, **p < 0.01, ***p < 0.001 (young always higher). #Significant difference after Bonferroni correction 
 
 
 Absolute Sweat Rates during rest period (g.m
-2.
h
-1
) Significance level 
 Young Older between age groups 
 Min Max Median Mean SD Min Max Median Mean SD Absolute Normalised 
Shoulders 52.5 196.1 123.5 124.1 51.7 38.8 135.1 80.0 80.3 30.5 * - 
Lateral upper chest 49.8 200.0 105.2 106.7 37.7 20.3 145.7 78.6 70.2 38.7 * - 
Medial upper chest 40.4 166.9 107.4 101.7 38.0 12.8 139.8 54.2 62.7 44.4 * - 
Lateral mid anterior torso 38.3 230.8 113.5 118.9 46.5 4.6 225.1 64.6 77.0 56.6 * - 
Medial mid anterior torso 48.0 230.8 118.6 117.9 48.3 8.3 200.7 45.9 62.5 53.3 ** - 
Sides 70.1 168.6 108.6 112.3 30.7 14.7 241.0 62.5 79.1 60.2 - - 
Lower anterior torso 49.0 172.6 123.9 122.1 42.0 8.8 288.0 63.2 77.9 73.8 - - 
Lateral posterior upper torso 53.1 332.3 161.1 161.2 72.4 9.3 270.9 94.9 108.0 80.0 - - 
Medial posterior upper torso 89.8 432.3 216.9 218.4 87.3 20.7 332.1 97.8 123.0 89.1 ** - 
Lateral posterior mid upper 49.8 207.6 131.6 123.8 48.2 8.2 145.4 47.6 66.9 49.9 ** - 
Lateral posterior mid lower 65.1 188.1 127.7 126.1 38.8 20.7 266.8 57.2 81.4 68.1 * - 
Centre posterior mid 113.2 343.8 175.2 187.3 66.4 35.5 298.8 80.1 111.2 79.2 * - 
Posterior lower torso 83.8 275.1 145.8 151.8 53.1 12.9 293.0 52.7 83.4 77.5 * - 
Anterior upper leg 35.9 167.5 118.4 110.3 35.5 20.1 98.7 41.9 47.9 22.6 ***# * 
Medial upper leg 40.9 152.0 90.3 95.0 29.1 22.5 72.9 40.6 42.7 15.3 ***# - 
Posterior upper leg 25.8 160.5 82.2 87.0 37.3 12.6 54.5 43.7 36.4 15.1 ***# ** 
Lateral upper leg 26.6 216.0 104.2 106.1 51.1 12.8 70.0 42.6 40.7 16.9 ***# * 
Lateral lower leg 26.6 216.0 104.2 106.1 51.1 12.8 70.0 42.6 40.7 16.9 ***# - 
Medial lower leg 25.8 216.1 111.1 112.2 52.1 14.5 78.3 49.4 46.1 18.7 ***# - 
Posterior lower leg 25.8 160.5 82.2 87.0 37.3 12.6 54.5 43.7 36.4 15.1 ***# - 
Anterior upper arm 23.9 97.1 62.1 60.8 23.5 19.8 99.5 46.1 53.6 28.2 - * 
Posterior upper arm 23.6 107.8 58.3 58.5 27.0 4.8 102.9 51.6 55.5 28.7 - ** 
Anterior lower arm 20.2 118.6 67.1 72.0 26.1 10.7 126.2 50.2 59.9 37.1 -  
Posterior lower arm 24.3 127.0 75.8 77.3 30.1 6.1 145.6 72.2 71.4 39.4 - * 
Medial ankle 66.5 256.6 145.2 146.9 50.4 28.4 136.9 70.5 73.1 30.7 ***# - 
Lateral ankle 74.6 235.0 129.9 131.5 42.3 23.7 101.6 63.2 60.9 23.3 ***# - 
Hands 66.7 157.2 98.9 102.6 25.1 40.8 177.4 77.5 92.4 41.5 - ***# 
Feet 45.5 102.5 72.2 72.2 18.0 18.5 58.8 38.7 38.8 12.3 ***# - 
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Table 6.10. Descriptive statistics for all regions tested during the exercise period in young and older individuals. Significance level between age 
groups are displayed as *p < 0.05, **p < 0.01, ***p < 0.001 (young always higher). #Significant difference after Bonferroni correction. 
 Absolute Sweat Rates during exercise period (g.m
-2.
h
-1
) Significance level 
 Young Older between age groups 
 Min Max Median Mean SD Min Max Median Mean SD Absolute Normalised 
Shoulders 168.7 539.9 315.8 333.5 107.9 119.7 484.0 332.3 325.1 104.2 - - 
Lateral upper chest 150.0 375.3 247.8 255.7 71.4 125.1 600.4 297.4 316.2 122.1 - ** 
Medial upper chest 90.1 568.1 242.1 272.8 134.8 119.7 501.0 292.4 290.4 119.7 - - 
Lateral mid anterior torso 121.5 466.1 252.7 273.6 85.4 97.5 643.5 273.7 304.9 162.7 - - 
Medial mid anterior torso 150.4 663.1 264.5 292.5 135.2 84.4 499.6 259.6 268.5 117.7 - - 
Sides 136.4 471.2 260.5 265.4 81.8 33.0 615.5 277.4 296.0 147.6 - - 
Lower anterior torso 97.7 320.4 190.6 199.0 57.3 113.2 625.6 230.0 270.0 133.6 - **# 
Lateral posterior upper torso 193.7 810.8 560.0 532.2 191.5 49.9 767.0 425.6 433.2 207.6 - - 
Medial posterior upper torso 251.0 1533.9 613.5 629.0 312.4 143.2 828.1 515.6 525.6 193.3 - - 
Lateral posterior mid upper 201.5 520.9 297.6 338.9 87.7 109.1 549.6 349.3 339.5 131.3 - - 
Lateral posterior mid lower 142.4 642.9 332.5 349.2 135.2 43.5 755.8 297.1 351.5 189.3 - - 
Centre posterior mid 138.1 1055.2 439.1 484.2 255.2 135.4 849.2 390.3 437.9 201.7 - - 
Posterior lower torso 153.9 840.6 378.1 437.6 232.5 95.7 593.9 360.5 353.6 161.1 - - 
Anterior upper leg 125.9 331.1 232.4 234.6 57.4 93.7 333.8 157.2 163.6 57.5 ** - 
Medial upper leg 150.3 296.5 207.2 209.8 37.5 60.9 244.0 159.9 163.7 59.7 * - 
Posterior upper leg 128.2 275.1 192.2 193.9 37.9 63.0 245.7 148.0 145.9 50.4 ** - 
Lateral upper leg 134.9 338.5 206.9 215.8 54.5 78.4 247.0 148.2 152.6 47.7 ** * 
Lateral lower leg 157.8 441.9 306.0 310.9 71.3 25.8 392.3 225.6 211.1 89.7 ** * 
Medial lower leg 184.7 603.7 333.0 338.6 103.3 60.0 379.9 199.4 217.0 89.1 ** * 
Posterior lower leg 138.3 416.3 247.2 243.2 63.7 56.4 239.6 174.5 168.6 53.7 ** - 
Anterior upper arm 95.6 241.2 172.5 166.3 51.2 110.2 292.0 178.6 182.3 46.4 - * 
Posterior upper arm 95.8 277.5 187.7 180.0 52.6 74.1 342.5 177.8 201.6 70.5 - ** 
Anterior lower arm 130.8 347.5 181.5 217.2 77.1 85.1 584.5 218.6 252.9 124.6 - * 
Posterior lower arm 137.7 316.9 229.5 239.6 60.9 93.6 540.5 238.2 255.2 116.1 - - 
Medial ankle 189.6 578.5 333.7 328.7 93.6 54.9 467.5 194.3 223.6 133.4 * - 
Lateral ankle 154.1 434.9 275.3 282.1 85.4 63.2 326.3 153.5 152.7 80.8 ***# ** 
Hands 120.3 311.5 210.6 215.0 55.4 79.2 259.1 152.6 161.3 64.5 * - 
Feet 69.6 181.8 136.9 135.3 28.2 47.2 155.9 83.5 89.6 29.7 ***# * 
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6.4.10. Regional Skin Temperature 
Regional Tsk was compared between time points (baseline, pre-rest, post-rest, 
pre-exercise and post-exercise) within each age group to assess the influence 
of pad application (Table 6.11 and 6.12). A description of each time point is 
detailed below. There was a significant increase in Tsk from baseline to pre-rest 
at all body regions (p < 0.05) in the older group and at all regions except the 
upper back (p = 0.11) in the younger group. From pre-rest to post-rest (5 min 
pad application period at rest), there was a significant increase in Tsk at 6 body 
regions in young and 5 in older individuals (p < 0.05), however after Bonferroni 
corrections this was only significant at 4 body regions. From post-rest to pre-
exercise pad application there was a significant decrease in Tsk at almost all 
regions in both age groups (p < 0.05). However, in the young group the legs, 
feet and posterior upper arms showed a significant increase in Tsk as did the 
legs, hands and feet in the older group (p < 0.05). From pre-exercise to post-
exercise (5 min pad application period during exercise), there was a significant 
increase in Tsk at almost all body regions in the young (15/16 regions) and older 
group (13/16 regions) (p < 0.05). After Bonferroni corrections 11/16 and 12/16 
regions were still significantly different in the young and older group, 
respectively.  
 
Baseline = within 5 min of entering the environmental chamber  
Pre-rest = 25 min into the rest period prior to pad application 
Post-rest = after 5 min pad application period once pads were removed 
Pre-exercise = 25 min into the exercise period prior to pad application 
Post-rest = after 5 min pad application period once pads were removed 
 
Pearson’s correlations were performed to assess the relationship between 
regional sweat rate and local Tsk at rest (post-rest) and exercise (post-exercise) 
in both age groups. No relationship was observed at any of the body regions 
assessed (p > 0.05) in either age group. 
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Table 6.11. Mean ± SD of regional skin temperature (°C) at each time point in the younger age group. Significantly different from 
previous time point: displayed as *p < 0.05, **p < 0.01, ***p < 0.001 (always significant increase unless highlighted grey). #Significant 
difference after Bonferroni correction. 
 
 
 
 
  
 Local Skin Temperature (°C) in the Young Group 
 Baseline Pre-Rest Post-Rest Pre-Exercise Post-Exercise 
 Mean SD Mean SD Mean SD Mean SD Mean SD 
Anterior upper arm 34.2 0.7 35.6***# 0.6 35.7 0.8 34.1***# 0.7 34.7***# 0.7 
Anterior lower arm 34.3 0.7 35.5***# 0.6 35.8 0.5 33.8***# 0.6 34.5***# 0.5 
Posterior upper arm 32.4 0.9 34.4***# 0.7 34.9***# 0.7 34.7 0.8 35.4***# 0.7 
Posterior lower arm 34.0 0.7 35.2***# 0.4 35.6***# 0.6 34.3***# 0.7 35.0***# 0.6 
Upper torso 34.8 0.9 35.7***# 0.8 35.7 0.7 34.1***# 0.9 34.8***# 0.6 
Mid torso 34.9 0.8 35.4* 1.0 35.5 0.8 33.8***# 0.9 34.7***# 0.5 
Lower torso 34.5 1.0 35.3** 0.9 35.4 0.8 34.0***# 0.8 34.5***# 0.6 
Upper back 34.7 1.0 35.0 1.0 35.3 0.8 33.7***# 0.9 35.2***# 0.6 
Mid back 34.0 1.0 34.6** 0.9 34.8 0.8 33.8** 0.7 35.0***# 0.6 
Lower back 34.1 1.0 34.6* 0.7 34.5 0.7 34.0* 0.8 35.1***# 0.6 
Anterior upper leg 32.4 1.0 34.0***# 0.8 34.3* 0.8 33.9* 1.0 34.3** 1.0 
Anterior lower leg 32.8 0.6 33.3** 0.7 33.7***# 0.7 34.3** 0.5 34.5***# 0.5 
Posterior upper leg 32.8 0.8 33.7***# 0.7 34.1***# 0.6 34.5** 0.7 34.8** 0.7 
Posterior lower leg 32.7 0.6 33.4** 0.6 33.8* 0.6 34.6***# 0.4 34.8** 0.5 
Hand 34.1 1.7 35.7** 0.4 35.9 0.7 35.4* 0.6 35.7** 0.3 
Foot 31.3 2.1 33.1***# 2.0 33.4 1.6 34.8* 1.3 35.2 1.0 
= significant decrease from previous time point. 
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Table 6.12. Mean ± SD of regional skin temperature (°C) at each time point in the older age group. Significantly different from previous 
time point: displayed as *p < 0.05, **p < 0.01, ***p < 0.001 (always significant increase unless highlighted grey). #Significant difference 
after Bonferroni correction. 
 
 
 Local Skin Temperature (°C) in the Older Group 
 Baseline Pre-Rest Post-Rest Pre-Exercise Post-Exercise 
 Mean SD Mean SD Mean SD Mean SD Mean SD 
Anterior upper arm 34.0 0.8 35.8***# 0.6 35.8 0.7 33.6***# 0.9 34.3***# 0.9 
Anterior lower arm 33.9 0.9 35.7***# 0.7 35.9 0.8 33.6***# 0.9 34.3***# 0.7 
Posterior upper arm 32.4 0.4 34.6***# 0.4 35.0***# 0.7 33.9***# 0.9 34.6***# 1.1 
Posterior lower arm 33.7 0.8 35.2***# 0.6 35.7***# 0.7 34.3***# 1.1 35.0***# 1.1 
Upper torso 34.3 0.7 36.1***# 0.6 35.8 0.8 33.8***# 1.0 34.6***# 0.8 
Mid torso 34.1 0.8 35.5***# 0.8 35.6 0.8 33.5***# 1.0 34.3***# 0.9 
Lower torso 33.1 1.2 35.2***# 0.8 35.2 0.8 33.4***# 1.0 34.1***# 0.8 
Upper back 34.3 0.7 35.6***# 0.9 35.7 1.0 33.6***# 1.1 35.0***# 0.9 
Mid back 34.1 0.7 35.2***# 0.8 35.2 0.9 33.3***# 1.2 34.5***# 1.0 
Lower back 33.7 0.7 34.8***# 0.8 34.6* 0.9 33.3***# 1.1 34.3***# 0.9 
Anterior upper leg 32.6 1.0 34.7***# 0.9 34.8 0.7 34.5 1.1 34.9***# 1.4 
Anterior lower leg 33.4 0.7 34.4***# 0.9 34.8***# 0.8 35.7** 1.3 35.9***# 1.4 
Posterior upper leg 33.1 0.9 34.5***# 0.8 34.9***# 0.7 35.4* 1.0 35.7 1.2 
Posterior lower leg 33.2 1.0 34.4***# 0.8 34.6* 0.8 35.9***# 1.4 36.0 1.4 
Hand 32.3 1.9 35.7***# 1.0 35.6 1.2 35.4 1.3 35.9***# 1.1 
Foot 30.2 2.5 32.0***# 1.7 32.5 1.5 35.6***# 2.0 35.7 1.8 
= significant decrease from previous time point. 
208 
 
6.5. Discussion 
The present study aimed to assess the true age-related differences in regional 
sweat rate in young (18-30 yrs) and older (60-80 yrs) individuals during rest 
and exercise in a hot environment (32°C/50% RH). The first whole body sweat 
maps were created for both age groups to illustrate the distribution pattern 
over the body. The main findings were that, although working at the same 
fixed rate of heat production (200 W.m-2), older individuals had 1) significantly 
lower gross sweat loss than the young group and 2) significantly lower 
regional sweat rate at almost all body regions during rest and at the hands, 
legs, ankles and feet during exercise. Furthermore, despite a significantly 
higher increase in Tcore than the young group, older individuals felt cooler and 
more comfortable throughout both the rest and exercise period. These 
findings add to the body of literature that suggests that older individuals are at 
an increased risk of heat-induced illness and injury, compared to their younger 
counterparts due to a lower sweat rate and thermal sensation and an impaired 
defence against a rise in Tcore. 
 
6.5.1. Heat Production 
In order to account for differences in fitness and body morphology between 
age groups, the present study employed an exercise intensity based on 
individual heat production. This was calculated based on the submaximal 
exercise test in the pre-experimental session and remained fixed at the 
calculated value during the main trials (200 W.m-2). As the exercise was light 
to moderate, significant changes in metabolic rate were not expected during 
the protocol and thus no real-time adjustments were made to the exercise 
intensity. The fixed heat production protocol was successfully achieved; 
however it should be noted as an estimation due to the lack of real-time 
measurement during the main trials.  
 
6.5.2. Gross Sweat Loss 
Despite the use of a fixed heat production protocol, substantial inter- (between 
groups) and intra- (within people) individual variation was observed in gross 
sweat loss in the present study (Table 6.9, 6.10 and Figure 6.12), in 
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agreement with previous work (Smith & Havenith, 2011, 2012). Although there 
were slight differences, gross sweat loss in the UPPER and LOWER trials 
were not significantly different. This may be due to the stringent controls that 
were in place, such as ensuring participants consumed 500 mL of water 2 h 
prior to the trials and assessing hydration status, conducting all trials at the 
same time of day and stabilising participants before beginning the trials. Gross 
sweat loss increased significantly from rest to exercise as expected, caused 
by an increase in metabolic heat production and a proportional increase in 
sweat loss. Previous studies have observed a higher gross sweat loss in 
participants with higher VO2max values and thus higher fitness levels, when 
exercising at a fixed load (W) (Havenith et al., 1995) and a %VO2max (Smith & 
Havenith, 2011, 2012). However, in the present study, all participants were 
exercising at the same fixed heat production (200 W.m-2) in order to avoid bias 
when comparing across age groups (Cramer & Jay, 2014), hence there was 
no relationship between gross sweat loss and VO2max in either age group 
(Figure 6.12). This finding supports the conclusions of previous studies which 
state that whole body sweat rate does not differ between fit and unfit 
individuals during exercise at a fixed heat production (Jay et al., 2011; Cramer 
et al., 2012; Gagnon & Kenny, 2012), particularly at rates of 250 W.m-2 or 
lower (Gagnon & Kenny, 2012). It is likely that previous studies employing 
a %VO2max approach may have incorrectly assumed that differences in whole 
body/local sweat rates were attributed to the between-group factor, when in 
reality these differences are a result of the discrepancies in metabolic heat 
production (Smith & Havenith, 2012; Jay, 2014). Thus reinforcing the concept 
that choosing the correct exercise intensity when comparing sweat rates 
between independent populations, is vitally important. 
 
Gross sweat loss was significantly lower in the older group compared to the 
young group during both rest and exercise in the present study. This finding is 
in agreement with previous literature during passive heating (Inoue et al., 
1995, 1998; Inoue & Shibasaki, 1996) and exercise (Anderson & Kenney, 
1987; Kenney & Anderson, 1988), supporting the notion that with increasing 
age comes a decrease in sweat gland function (Inoue & Shibasaki, 1996) and 
this will be discussed in detail below. The fact that there was no relationship 
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between gross sweat loss and VO2max for each group in the present study 
(even when combing young and older data), but there was a significant 
difference in gross sweat loss between age groups, suggests that the latter is 
attributed to true age-related changes in sweating mechanisms and not fitness 
level. Conversely, resting metabolic rate was not measured in the present 
study and thus it cannot be compared with the resting gross sweat loss values. 
However, in Chapter 4, it was shown that in thermoneutral conditions (25°C/ 
40% RH), older individuals have a significantly lower resting metabolic rate 
compared to younger individuals when lying semi-nude in a supine position 
(43.0 ± 4.6 Vs 57.1 ± 6.7 W.m-2). Although these values may differ during 
upright seated exposure to a warmer environment (32°C/50% RH), this could, 
in part, help to explain the significantly lower gross sweat loss observed in the 
older individuals in the current study.  
 
Due to the body mapping nature of the present study and the large area 
covered by the absorbent pads (1.5 m2 out of 2.0 m2 in the young group and 
1.4 m2 out of 1.9 m2 in the older group), a secondary method was utilised to 
calculate gross sweat loss by totalling up the regional sweat rates. The sum of 
the surface area weighted sweat rates of all pads (g) was then compared with 
absolute gross sweat loss (g) in both age groups. It was found that absolute 
gross sweat loss was higher than the sum of all pads, which is to be expected 
and is in agreement with (Smith & Havenith, 2011). However, when correcting 
for the area covered and time duration (g.m-2.h-1), the two measurements were 
similar. There are several possible reasons to explain this discrepancy, 
including the simple fact that the pads did not cover the entire surface area of 
the body with approximately 0.5 m2 left uncovered. As the sweat collection 
was split into two trials (UPPER and LOWER) this meant that only one half of 
the body was covered during each trial which may have influenced sweat rate 
distribution. Moreover, the sweat collection method itself may be something to 
consider due to the potential influence of application pressure on the skin and 
an increase in humidity/moisture under the pad, altering the microclimate. This 
may have resulted in hidromeiosis, whereby high skin wettedness causes the 
epidermis to swell, subsequently blunting sweat rate (Smith & Havenith, 2011). 
Though, due to the short pad application time (5 min) and the low levels of 
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skin wettedness in the present study, it is again unlikely that this would have 
occurred. 
 
6.5.3. Regional Sweat Rate 
This is the first study to provide regional sweat rate data over the whole body 
in both young and older individuals (see Figures 6.13-6.16). From this data it 
is clear to see that there is regional variation in sweat rate both within and 
between age groups and body segments, which is in agreement with previous 
literature (Kuno, 1956; Inoue et al., 1991; Cotter et al., 1995; Inoue & 
Shibasaki, 1996; Havenith et al., 2008; Machado-Moreira et al., 2008a; Smith 
& Havenith, 2011, 2012). Despite this inter-individual variation in regional 
sweat rate, a number of similar patterns were consistently observed. Firstly, 
differences in sweat rate between the right and left side of the body were 
assessed and for the majority of body regions, no significant differences were 
observed, in agreement with Smith & Havenith, (2011). However, it is 
interesting to highlight that sweat rate of the right lower arm was significantly 
higher than the left side during rest (older group only) and exercise (young 
and older group). After this finding was revealed, further information was 
collected from the participants to ascertain if they were right or left side 
dominant. It was found that 93% of the participants who took part in the study 
were, in fact, right side dominant, which may help to explain the higher sweat 
rates on the right arm. It may be that an increase in habitual movement of the 
right arm compared to the left, promotes an increase in sweat rate, similar to 
the way in which an increase in physical activity has shown to correlate with 
higher sweat rates (Tankersley et al., 1991; Havenith et al., 1995; Inoue et al., 
1999a). However, this is merely speculation and the mechanistic underpinning 
of this theory is beyond the scope of this study, thus further research should 
look to elucidate this. 
 
Another pattern that was observed from the present data was a significant 
increase in sweat rate from rest to exercise at all body regions, within both 
age groups. Although sweat rate increased during exercise, the distribution 
pattern remained similar to rest. In the young group, the highest regional 
sweat rates were observed at the posterior torso, followed by the anterior 
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torso, legs/feet then arms/hands. In particular, the upper region of the 
posterior torso had the highest sweat rate and the feet had the lowest. This 
pattern mirrors the findings from a previous sweat mapping study in young 
males (Smith & Havenith, 2011), albeit with lower absolute values due to the 
lower exercise intensity employed in the present study. Similar distribution 
patterns have also been observed with studies assessing variation within body 
segments including the hand/arms (Smith et al., 2007) and torso (Havenith et 
al., 2008; Machado-Moreira et al., 2008a) and other studies assessing 
multiple regions (Cotter et al., 1995; Smith et al., 2013a).  
 
Regional variation in sweat rate has been attributed to two main factors; 
density of eccrine sweat glands and the sweat output per gland. As there are 
approximately 2-5 million sweat glands over the body surface (Kuno, 1956), 
the disparity in their distribution must be considered in the elucidation of 
regional sweat rate variation. Similarly, it is known that not all sweat glands 
are active and thus their secretory rates and sudomotor sensitivity may differ 
from gland to gland (Kuno, 1956). These two factors were not assessed within 
the present study, however comprehensive reviews conducted by Machado-
Moreira et al., (2008) and Taylor & Machado-Moreira, (2013) cover this in 
detail. However, Smith & Havenith, (2012) state that the sweat gland densities 
reported by Machado-Moreira et al., (2008) do not explain the regional sweat 
variation observed in their own body mapping data, which is similar to that 
observed in the present study, but the segmental sudomotor sensitivity was a 
more likely explanation for this. 
 
A similar regional sweat rate pattern was also evident in the older group with 
the exception of the extremities, whereby the arms had a higher sweat rate 
than the legs, particularly during exercise. This finding may be explained by 
the movement pattern undertaken by the older individuals while walking on the 
treadmill. It was noted by the researcher that the older participants moved 
their arms substantially more than the younger group, potentially due to lack of 
experience using a treadmill (despite familiarisation as part of the study). The 
greater arm movement may have increased the evaporative potential at the 
arm regions (Havenith et al., 2008), thereby increasing the sweating efficiency 
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and thus by the time the pads were applied to the skin, steady state sweat 
rate may have consequently been higher. However, regional sweat rate at the 
arms of the older group was also higher than the legs during the rest period 
which cannot be explained by the same theory. 
 
Although the sweat distribution pattern was similar between age groups, older 
individuals had significantly lower sweat rates at several regions of the torso at 
rest and at all leg regions at both rest and exercise; though, after Bonferroni 
corrections, these differences were only significant at the legs, ankles and feet 
at rest and the lateral ankle and feet during exercise. This study is not the first 
to observe age-related decrements in sweat rate at the lower extremities. A 
significant body of literature conducted by Inoue and colleagues have 
consistently observed significantly lower sweat rates at the thigh in older 
individuals (Inoue et al., 1991, 1995, 1998, 1999a, 1999b; Inoue & Shibasaki, 
1996). However, within some of the aforementioned studies, these 
decrements were also noted at several other body regions including the back 
(Inoue, 1996; Inoue et al., 1998), chest and forearm (Inoue et al., 1998). After 
conducting a substantial amount of studies in this specific area, Inoue & 
Shibasaki, (1996) concluded that the age-related decline in heat loss effector 
function is likely to occur successively in cutaneous vasodilation, followed by 
sweat output per gland and density of active sweat glands. These decrements 
are suggested to proceed from the lower extremities, posterior upper body, 
anterior upper body and lastly to the head (Inoue & Shibasaki, 1996). 
 
Other previous research has aimed to elucidate the exact physiological 
mechanisms responsible for the age-related differences in sweat rate 
(Tankersley et al., 1991; Inoue et al., 1999b; Smith et al., 2013a). Some 
studies have concluded that ageing per se has no influence on the sweat 
response and instead, the decrement in sweat rate is related to the expected 
reduction in physical fitness and/or habitual physical activity level (Drinkwater 
et al., 1982; Smolander et al., 1990; Havenith et al., 1995). However, further 
studies identified that these decrements in sweating still exist when young and 
older individuals are matched for aerobic fitness and activity levels 
(Tankersley et al., 1991; Armstrong & Kenney, 1993; Inoue et al., 1999a; 
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Smith et al., 2013a). Several factors may contribute to the lower sweat rates 
observed in older individuals including decreased heat activated sweat gland 
function (Anderson & Kenney, 1987; Kenney & Anderson, 1988; Inoue et al., 
1991; Inoue & Shibasaki, 1996; Smith et al., 2013a), lower sensitivity to 
acetylcholine (Kenney & Fowler, 1988; Inoue et al., 1999b) and a decreased 
thermal sensitivity (Natsume et al., 1992). There is increasing evidence to 
suggest that a lower sweat gland output, caused by progressive atrophy of the 
sweat gland itself, is the primary contributing factor of the age-related changes 
in the sweating response (Sato & Timm, 1988; Inoue et al., 1999b, 2004; 
Kenney & Munce, 2003; Shibasaki et al., 2013; Smith et al., 2013a). As 
discussed above, it may be that this occurs prior to a decrease in heat 
activated sweat gland density, as previous studies have observed similar 
sweat gland densities across age groups (Anderson & Kenney, 1987; Inoue et 
al., 1991; Inoue & Shibasaki, 1996). Although this theory seems to be well 
documented, there are still questions surrounding the regional pattern of this 
age-related decline (Smith et al., 2013a). A peripheral-to-central decline has 
been suggested to be the most logical hypothesis (Kenney & Munce, 2003), 
however the current data showed higher sweat rates at the lower segment of 
the extremities in both age groups, compared to upper (both arms and legs), 
which contradicts this theory. The present study does however support the 
theory of Inoue and colleagues as older individuals had significantly lower 
sweat rates at all leg regions when compared to the younger group.  
 
Comparisons between the present sweat mapping data and relevant age-
related literature is problematic due to the use of different exercise protocols, 
environmental temperatures and the method utilised for the assessment of 
sweat rates. Within the literature, the majority of studies have stimulated a 
sweat response by passively heating individuals, either by elevating ambient 
temperature or by immersing the legs in a water bath. Passive heating, resting 
protocols are often preferred when assessing age-related differences in order 
to limit the complex effects of aerobic fitness on thermoregulatory responses 
(Inoue et al., 1991). However, as the effects of heat and exercise provide a 
combined stressor, it is important to understand how the sweat response may 
differ under such conditions, from both an applied and a health perspective. 
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Those studies that have attempted to assess sweat rates during exercise, 
have typically used a %VO2max approach, which as discussed earlier, may not 
be appropriate for a between group comparison. Hence, the current study 
aimed to assess sweat rates over the whole body during both passive heating 
(metabolic rate not measured) and exercise at a fixed rate of heat production 
(200 W.m-2). This approach enables sweat rate comparisons between age 
groups, between rest and exercise and between regions over the body, 
overcoming the issues presented within the literature (Cramer & Jay, 2014; 
Jay, 2014; Jay & Cramer, 2015). Although, the choice of exercise intensity 
depends highly on the research question as to whether it is an applied or 
mechanistic approach. 
 
In order to assess regional sweat rate over the whole body, it was decided 
that the use of technical absorbent was the most appropriate method. 
Although this method is not new to the literature, it is rarely utilised in studies 
assessing local sweat rates, which is surprising considering it provides an 
inexpensive, easy-to-use alternative to the ventilated capsule method (Morris 
et al., 2013). The ventilated capsule method estimates sweat rate based on 
the difference in vapour content between influent and effluent air travelling 
through the capsule (Havenith et al., 2008; Morris et al., 2013). However, each 
capsule only covers approximately 2-9 cm2 and thus only measures sweat 
rate of a small sample area, which may not be representative of the whole 
body segment that they are placed on (Havenith et al., 2008). Hence the 
reason for the use of technical absorbents within the present study to enable 
whole body sweat maps to be created.  
 
As this is the first study to assess regional sweat rate in different age groups, 
over the entire body surface using this technique, it may not be appropriate to 
make direct comparisons with the previous age-related sweat rate data. 
However, a study comparing the ventilated capsule with technical absorbents, 
at two body regions, found the two methods to be highly correlated. Local 
sweat rates were 35% lower using the absorbent method during the initial 
stages of exercise, but during steady state exercise they showed very good 
agreement (Morris et al., 2013). It could therefore be assumed that when the 
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exercise sweat measurements were taken in the present study (after 25 min of 
steady state exercise), the sweat rates measured would have been in good 
agreement with the ventilated capsule method. The resting measurements 
however, should be interpreted and compared with care. 
 
6.5.4. Regional Skin Temperature 
The temperature of the skin plays a vital role in the regulation of body 
temperature. As Tsk rises, in response to high ambient temperature and/or 
exercise, the sweat response is initiated in order to dissipate heat and reduce 
both Tcore and Tsk. Regional fluctuation is evident in Tsk which is a result of a 
number of factors including alterations in skin blood flow and evaporative 
cooling of the skin from sweating. Despite this association, there was no 
significant relationship between Tsk and regional sweat rate in the present 
study at rest or during exercise, which is in agreement with previous research 
(Cotter et al., 1995; Smith & Havenith, 2011, 2012). Local Tsk significantly 
increased during the rest period at all body regions in the older group and all 
except the upper back in the young group. Interestingly, in both age groups 
Tsk decreased at the majority of regions during exercise, which can be 
explained by the increase in evaporative cooling and a higher air velocity (1.5 
m.s-1) compared to rest. 
 
As the sweat measurement in the current study involved large areas of skin 
being covered by absorbent pads, the impact of Tsk changes must be 
considered due to the risk of artificially increasing sweat rate. Despite no 
correlation between Tsk and regional sweat rate, Tsk significantly increased at 
some regions during the pad application period (Table 6.11 and 6.12). At rest, 
Tsk of the leg regions and the posterior upper and lower arm increased 
significantly by ~0.4°C from pre to post application in both age groups. 
However, after Bonferroni correction, only 4/16 regions were significantly 
different. During exercise, almost all regions showed a significant pre to post 
pad application rise in Tsk with 11/16 significant differences in the young and 
13/16 in the older group after Bonferroni correction. On average during the 
exercise pad application period, Tsk increased by ~0.6°C with the greatest 
increase observed at the upper and mid back and the smallest in the legs and 
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feet in both age groups. This is a relatively small rise in Tsk when compared to 
the average increase observed in previous studies (Smith & Havenith, 2011, 
2012), using the same pad application technique (>1°C). An increase in Tsk is 
arguably unavoidable when utilising this technique even despite the short 
application periods of the absorbent material (5 min). However, the authors of 
the aforementioned studies concluded that regional sweat variation could not 
be explained by regional Tsk differences which also holds true for the findings 
of the present study.  
 
6.5.5. Core Temperature, Thermal Sensation and Comfort 
During exposure to the heat, the older individuals in the present study had a 
significantly greater rise in Tcore during both rest and exercise, when compared 
to the young group. This was evident despite all participants working at the 
same fixed rate of heat production. The increased heat strain observed in the 
older group is a result of a decreased ability to dissipate heat through 
vasomotor adjustments and sweating and has been observed in numerous 
previous studies, albeit not implementing fixed heat production protocols 
(Anderson & Kenney, 1987; Sagawa et al., 1988; Inoue et al., 1991; Dufour & 
Candas, 2007; Smith et al., 2013a). A rise in Tcore does not seem threatening 
under the controlled conditions of the present study, however many older 
individuals typically spend longer durations exposed to heat stress, especially 
during the summer months, and thus are at increased risk of heat-induced 
illnesses and injury (Waldock et al., 2018). 
 
Despite having a significantly higher change in Tcore, the older group felt cooler 
and more comfortable throughout the trial, rating lower values than their 
younger counterparts. This was especially evident for the period when 
applying the absorbent pads and stretch clothing to the skin, as the younger 
group reported a rise in thermal sensation and became more uncomfortable, 
whereas the older group did not. The inability to report a change in thermal 
sensation and comfort when adding a layer of clothing highlights the 
vulnerability of older individuals in warm conditions and supports previous 
evidence of a reduced whole body thermal sensitivity (Natsume et al., 1992; 
Taylor et al., 1995; Tochihara et al., 2011; Takeda et al., 2016a) and thermal 
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comfort (Natsume et al., 1992; Taylor et al., 1995; Waldock et al., 2018) in the 
aged. The combination of impaired autonomic and behavioural responses 
further increases the susceptibility of the older population and is a cause for 
concern in the current climate (Kenney et al., 2014; Waldock et al., 2018).  
 
6.5.6. Limitations 
The present study is the first to assess age-related differences in regional 
sweat rate using a whole body mapping approach. Due to the large number of 
body regions tested, the sweat collection was split across two trials (UPPER 
and LOWER). This was to ensure that skin and Tcore did not significantly 
increase during the pad application period, which may have consequently 
influenced sweat rate. Combining sweat rates collected across two trials into 
one whole body sweat map may be viewed as a limitation, however to account 
for this, all regional sweat rates were standardised against the mean gross 
sweat loss of each trial. Furthermore, during the exercise period, all 
participants worked at the same fixed heat production (200 W.m-2) which was 
individually calculated based on data collected during the submaximal 
exercise test and subsequently fixed for each individual. As mentioned 
previously, metabolic rate was not measured during the exercise period of the 
main trials and thus it can only be assumed that participants were working at 
the desired intensity. However, as the intensity of the exercise was light to 
moderate, substantial changes in mechanical efficiency were not expected 
and therefore real-time adjustments in work rate were not conducted.  
 
6.5.7. Application 
The findings of the present study have several applications from both a health-
based and practical view point. The observed age-related declines in 
subjective and objective responses in the heat put older individuals at an 
increased risk of illness, injury and in extreme cases, mortality. Therefore, it 
may be necessary to revisit safety guidelines for working, exercising and rest 
in hot conditions in those over the age of 60 years old. Alternatively, aiming to 
alleviate these declines could promote better health in older individuals. The 
sweat mapping data presented within this study can be useful for clothing 
design, whereby different areas could be targeted to increase sweat 
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evaporation, enhance cooling and improve comfort. Moreover, the design of 
healthcare products and appliances may be tailored to individual needs based 
on the sweat rates of older individuals. For example, hospital beds and chairs 
that patients spend a large amount of time lying or sitting on could be 
designed in order to reduce irritation or the development of pressure sores 
caused partly from sweat accumulation. Lastly, the current data relates 
directly into the design of thermal/sweating manikins and modelling in thermal 
physiology, providing more realistic sweat distribution patterns for young and 
older individuals. 
 
6.5.8. Conclusion 
In conclusion, the main findings of this study were that despite equal heat 
production, healthy older individuals had 1) significantly lower gross sweat 
loss than the young group and 2) significantly lower regional sweat rate at 
almost all body regions during rest and at the hands, legs, ankles and feet 
during exercise. This study also demonstrated that older individuals had a 
greater increase in Tcore but felt cooler and more comfortable when compared 
to younger individuals working at the same fixed heat production. These 
findings highlight the age-related deterioration in both autonomic and 
behavioural responses in the heat which may consequently impact health and 
wellbeing of older individuals. It is beyond the scope of this research to 
highlight the mechanistic underpinning of these findings; however it is 
important that future research aiming to elucidate this uses a fixed heat 
production protocol to assess age-related differences as in the present study. 
It may also be beneficial to assess whole body sweat rates in ageing females 
to allow a sex comparison of this age group. 
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CHAPTER 7: Laboratory Study 5 
 
Age Differences in Skin Temperature Variation during 
Exposure to Neutral, Hot and Cold Conditions 
 
 
7.1. Chapter Summary 
The aim of this study was to assess the regional skin temperature (Tsk) 
distribution in young and older individuals during passive exposure to different 
environmental conditions (neutral, hot and cold). This was investigated with 
the use of infrared thermography to compare thermal images of individuals 
before and after a 25 min seated rest period in each condition; NEUT 
(25°C/40% RH), HOT (32°C/50% RH) and COLD (12°C/50% RH). Images 
were then morphed to create average Tsk maps for each population group in 
all three conditions and then split into separate body regions for the regional 
analysis (22 regions in total). Measures of heart rate, Tcore and thermal 
sensation and comfort were also taken at 5 min intervals. The main findings of 
the study were that although both age groups had a similar overall mean skin 
temperature (₸sk), age-related regional differences were observed over the 
body. Older individuals had significantly lower Tsk at the anterior and posterior 
torso in the NEUT and COLD condition and higher Tsk at the legs in the HOT 
condition, when compared to their younger counterparts. It was also observed 
that the older group had a greater change in Tcore in both HOT and COLD 
conditions compared to the young group, despite no reflection of this in their 
ratings or thermal sensation and comfort. 
 
7.2. Introduction 
In order to survive and maintain optimal function during exposure to differing 
environmental conditions, the body must regulate its internal temperature. 
Thermoregulatory responses, including alterations in blood flow, Tcore and Tsk, 
rely on sensory signals from both central and peripheral thermoreceptors, 
which are widely distributed over the body (Hensel, 1974; Nakamura, 2011). 
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Tsk varies over the skin’s surface and its regional distribution is known to alter 
significantly in response to changes in environmental temperature (Werner & 
Reents, 1980; Fournet et al., 2013). The majority of studies within the 
literature assessing Tsk responses have done so via the use of contact 
measurements, such as skin thermistors, thermocouples and iButtons (Bach 
et al., 2015a, 2015b; Moreira et al., 2017a; Macrae et al., 2018). This method 
is often useful for the calculation of weighted ₸sk, however for regional Tsk 
measurements this may not be entirely appropriate (Moreira et al., 2017a) due 
to the point-to-point temperature variations which have been highlighted 
previously over small areas of the body (Frim et al., 1990). As a result, there is 
limited knowledge about the spatial distribution of Tsk (Fernández-Cuevas et 
al., 2015). 
 
The study of thermoregulatory responses over the body (body mapping) has 
become a topic of interest over the last decade, with research focusing on 
regional differences in sweating (Havenith et al., 2008; Smith & Havenith, 
2011, 2012), thermal sensitivity (Gerrett et al., 2014, 2015), wetness 
perception (Filingeri et al., 2014a) and also Tsk (Fournet et al., 2013). A novel 
study by Fournet et al., (2013) assessed regional Tsk differences in males and 
females exercising in a cold environment using infrared thermography. The 
use of infrared thermography offers a quick, portable, non-contact evaluation 
of Tsk. This is not a new technique and has been used previously in exercise 
based studies (Clark et al., 1977; Ferreira et al., 2008; Merla et al., 2010; 
Bach et al., 2015a; Priego Quesada et al., 2015; Fernandes et al., 2016; 
Tanda, 2016); however the novel aspect of the study by Fournet et al., (2013) 
is the morphing of individual thermal images to create an average body map 
of the studied population. This was the first study to provide such detailed data 
for young individuals and showed that female Tsk was 1-2°C lower than males 
but the relative topography was similar between groups. They also observed a 
similar Tcore and thermal sensation between sexes despite the significantly 
different Tsk. However, these findings are specific to young individuals 
exercising in the cold and therefore cannot be used to make assumptions of 
the Tsk patterns of different population groups (i.e. older or diseased 
individuals) or during exposure to other environmental conditions.  
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The natural ageing process, even in the absence of disease, greatly affects 
the sympathetic nervous system and specifically, the control of skin blood 
flow. Significant decreases in the ability to vasodilate and vasoconstrict are 
evident in aged skin, resulting in alterations in Tsk regulation (Kenney & 
Munce, 2003; Holowatz et al., 2010). One study utilising infrared 
thermography to compare regional Tsk in a thermoneutral environment found 
that older women had a significantly higher Tsk in most of the regions of 
interest compared to younger women (Moreira et al., 2017b). This data was 
calculated via manual selection of small areas of the body using anatomical 
landmarks, which although is a commonly used technique, has questionable 
accuracy when comparing temperature data across different individuals and 
body regions. Other similar studies contradict these findings and have 
observed that older individuals have a lower Tsk (in thermoneutral or 
‘controlled’ environments) than their younger counterparts, especially in distal 
body regions (Niu et al., 2001; Rasmussen & Mercer, 2004; Ferreira et al., 
2008). The equivocal findings within the literature highlight the need for more 
research in this area to elucidate the extent to which ageing itself affects the 
Tsk response (Fernández-Cuevas et al., 2015). Furthermore, almost all studies 
in this area have been conducted in a thermoneutral environment which again 
limits the scope of the conclusions (Bach et al., 2015b). 
 
Using a body mapping approach, similar to the study by Fournet et al., (2013), 
the aim of the current study was to investigate the age-related differences in 
Tsk distribution in young and older individuals during passive exposure to a 
neutral, hot and cold environmental condition. It was hypothesised that overall 
Tsk would be lower in the older age group, specifically at the extremities, and 
that any age differences would become more apparent in the cold and hot 
conditions due to the known impairments in vasomotor control in aged 
individuals. 
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7.3. Methodology 
7.3.1. Participants 
Twenty, healthy, white Western European males were recruited for this study 
from two age ranges: 10 young (18-30 yrs) and 10 older (60-80 yrs). All 
individuals were recreationally active and free from illness and injury. The 
selection criteria included only white Western European individuals due to the 
possible differences in Tsk, subjective responses and the translation of 
subjective scales between ethnicities (Havenith et al., 2017). Participant 
characteristics are documented in Table 7.1. 
 
Prior to taking part, participants were provided with detailed information about 
the study (example provided in Appendix D) and subsequently gave their 
written informed consent (Appendix A). Additionally, all participants were 
required to complete a health-screen questionnaire (Appendix C) and were 
excluded from the study if they failed to meet the required health standards. 
Due to the nature of the study, only participants that were non-smokers and 
had no history of cardiovascular disease, skin/sweat related conditions or 
neuromuscular disorders were recruited. All participants in the older age group 
were required to undergo medical screening carried out by a clinician before 
taking part and were not taking any medication that may have influenced the 
results of the study. All protocols and procedures involved in the study were 
approved by the Loughborough University Ethics Committee and are in line 
with the World Medical Association Declaration of Helsinki for medical 
research using human participants. 
 
7.3.2. Experimental Design 
The aim of the experiment was to compare Tsk variation at rest between age 
groups (young and older), environmental conditions (thermoneutral: NEUT, 
hot: HOT and cold: COLD) and regions over the body. To achieve these aims, 
the study followed an independent group design. The three experimental 
conditions (NEUT, HOT and COLD) were not completed in a balanced order 
as they were part of two different experimental designs (laboratory study 3 
and 4). Study 3 (presented in Chapter 5) included the NEUT and COLD 
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condition and study 4 (presented in Chapter 6) included the HOT condition. 
The HOT condition was performed first, approximately 2 months before the 
NEUT and COLD. However, despite this, the conditions were completed at the 
same time of day (± 2 h) for each participant to minimise the influence of 
circadian rhythm. Sessions were conducted in the Environmental Ergonomics 
Research Centre at Loughborough University in a climate-controlled 
laboratory. 
 
Pre-experimental Briefing 
All participants attended a pre-experimental briefing, on a separate day prior 
to the main trial. They were each briefed verbally and given written 
instructions detailing the requirements of the study and had the opportunity to 
ask any questions. Participants were instructed to refrain from alcohol 24 h 
before their visit to the laboratory and to avoid exercise and caffeine on the 
day of the trial. As each participant was required to swallow an ingestible radio 
pill (e-CELSIUS® performance capsule, BodyCAP France, Inc.) for the 
measurement of Tcore throughout the trial, this visit was also used to inform 
participants about this procedure and use of the pill. Additionally, a health 
screen questionnaire (Appendix C) was completed to confirm their suitability 
for swallowing the pill. Before use, each pill was first activated using an 
activator and monitor (e-Viewer® performance monitor, BodyCAP France, Inc.) 
which assigned a unique code for tracking. It was then given to the participant 
to take home with a detailed instruction sheet on how to swallow. The pill was 
ingested 5 h before the experimental session was due to start and a wristband 
was worn to identify that each participant had swallowed an MRI incompatible 
device for safety purposes. The wristband was worn for 72 h after ingestion of 
the pill as a precaution. 
 
7.3.3. Experimental Protocol 
On arrival at the laboratory, measures of participant’s height in cm 
(Stadiometer), body mass in kg (Metter Toledo kcc150, Metter Toledo, 
Leicester, UK, Resolution 1g) and body fat percentage via bio-electrical 
impedance (Body composition analyser, Tanita, MC-780MA) were recorded. 
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Once all pre-test measures were recorded, participants rested in a seated 
position for 20 min in a thermoneutral (~22-24°C) preparation room, wearing 
standardised shorts and t-shirt. A step-by-step overview of the protocol order 
was explained to each participant and they were again able to ask any 
questions. They were then introduced to the subjective scales (detailed in 
section 3.3.5) and instructed on how to interpret them in order to rate their 
whole body thermal sensation and comfort. After resting for 20 min, baseline 
measures of Tcore (e-Viewer
® performance monitor, BodyCAP France, Inc.), 
heart rate (Polar wrist monitor A360, Polar Alectro Oy, Professorintie 5, FI-
90440 Kempele, Finland) and whole body thermal sensation/comfort 
(subjective scales) were recorded. 
 
Participants then entered the environmental chamber (T.I.S.S. Peak 
Performance, Series 2009 Climate Chambers) for the commencement of the 
respective conditions (NEUT, HOT and COLD). Immediately upon entering the 
chamber, participants removed their t-shirt, trainers and socks and stood on a 
hard plastic platform in an anatomical position while an infrared image was 
taken of their front and back, using an infrared camera (FLIR T620, FLIR 
Systems Inc. Wilsonville, USA) for the assessment of Tsk. Participants then re-
dressed and rested for 25 min in a seated position on a hard plastic perforated 
chair and every 5 min were asked to rate their whole body thermal sensation 
and thermal comfort. During this time heart rate and Tcore were also recorded 
at 5 min intervals as well as environmental temperature and RH (Testo 435-2 
with integrated hot wire probe, Testo Ltd, Alton, Hampshire, UK). After the rest 
period, participants were deemed to be stabilised to the environmental 
conditions and a second infrared image was taken of their front and back. This 
procedure was repeated for each environmental condition. Once the protocol 
was complete, participants exited the environmental chamber and returned to 
the thermoneutral preparation room for recovery back to baseline. 
 
7.3.4. Infrared Thermography 
Thermal images were taken of each participant using a FLIR T620 (FLIR 
Systems Inc. Wilsonville, USA) infrared camera with an operating temperature 
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of between -15°C and 50°C and an object temperature range between -40°C 
and 150°C. The temperatures used in this study (between 12-32°C) fall well 
within these ranges. The infrared camera had a 640 x 480 pixel resolution, a 
spectral range of 7.5-14 μm and an accuracy of ± 2°C. The intrinsic absolute 
accuracy of the camera is low in comparison to previously used contact 
methods of Tsk measurements (± 0.5-0.1°C), and for this reason a blackbody 
calibrator (BLACKPOINT, Blackbody Calibrator, BB702, Omega, USA) was 
utilised in this study. Although the camera had a low accuracy, its thermal 
sensitivity was very high (± 0.04°C) allowing detection of very small temporal 
and spatial changes in Tsk. Each image was taken with the camera mounted 
on a fixed tripod at a distance of 2 m perpendicular to the participant and the 
emissivity setting was fixed at 0.98. The participant was instructed to stand in 
an anatomical position on a fixed platform which was marked with tape to 
identify foot placement. The blackbody calibrator was included in the 
background of each thermogram to allow any potential measurement errors to 
be corrected afterwards (Figure 7.1). These procedures are in line with the 
thermal imaging checklist provided by Moreira et al., (2017a). 
 
 
 
Figure 7.1. Infrared image setup including backboard, platform 
and blackbody calibrator. 
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7.3.5. Image Processing 
The thermal image processing stage was performed with three main goals in 
line with the study by Fournet et al., (2013): 
1. Standardising the analysis of numerous thermograms relating to the 
object emissivity, relative humidity, atmosphere temperature, object 
distance and reflective temperature (pre-processing). 
2. Segmentation of each thermogram for spatial temperature data. 
3. Creating average body maps of Tsk distribution representative of both 
age groups in each environmental condition. 
 
The image processing stage was performed using MATLAB 7.8 software 
(MATLAB R2013a, The Mathworks Inc., Natick, USA). The MATLAB scripts 
used in the processing and analysis were modified from those developed 
previously by Fournet et al., (2013). Once step 1 was completed, the imaging 
procedure involved manually selecting control points (image registration) on 
each image in line with a reference image which followed the body’s contour, 
using anatomical landmarks (as shown in Figure 7.2). This was to account for 
differences in body size, shape and positioning as despite standardising the 
position of each participant with floor markers and verbal instructions, it was 
still necessary to account for slight differences between each image. 
 
 
 
Figure 7.2. Image registration in MATLAB with manual selection of control point on 
the input image (left) in line with the reference image (right). 
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The next phase of the image processing was the morphing whereby each 
thermogram was morphed onto a reference body shape chosen as a median 
representative of the group of participants studied (the same reference was 
used for both young and older group). The individually morphed thermograms 
were then averaged to produce a single average body map (mean, median 
and standard deviation) of Tsk distribution which was representative of each 
age group in each environmental condition. Figure 7.3 portrays the different 
stages of the image processing discussed above.  
 
Once the average body maps were produced they were then split into different 
body regions for the calculation of regional Tsk and this process was 
completed in Microsoft Excel and MATLAB using customised scripts and 
formulas (Figure 7.4 shows the splitting of body regions in excel). The body 
regions selected for analysis included upper and lower arms and legs (both 
right and left side) and the upper, mid and lower torso and back area (22 
regions in total). The head, hands and feet were not included in the regional 
Tsk analysis and the shorts were excluded for the calculations of ₸sk. 
 
 
 
 
Figure 7.3. Stages involved in the image processing using MATLAB to combine each 
individual thermogram in order to create average body maps of skin temperature distribution. 
This process was performed for each environmental condition for both age groups. 
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Figure 7.4. Example of the splitting of body regions in Excel for the 
calculation of regional skin temperature. 
 
 
7.3.6. Statistical Analysis 
Statistical analysis was completed using Microsoft Excel, MATLAB, and 
statistical software package (SPSS version 23.0, IBM, USA). After generation 
of the morphed images, differences in ₸sk and local Tsk between age groups 
were assessed using independent samples t-tests and right to left and PRE to 
POST differences within groups were assessed using paired samples t-tests. 
Participant characteristics and differences in environmental conditions were 
analysed using independent samples t-tests and age differences in Tcore, heart 
rate, thermal sensation and comfort, were analysed using a Two-way ANOVA. 
Differences between conditions in each age group were assessed based on 
the average value of each variable. Unless otherwise stated, significance was 
set at the p < 0.05 level. 
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7.4. Results 
7.4.1. Participants 
Participants recruited for this study differed in age but were matched for 
height, weight and body surface area (BSA) (Table 7.1). Independent samples 
t-tests confirmed significant differences between age groups in body fat 
percentage and VO2max (p < 0.05). Older individuals had a significantly higher 
body fat percentage and a lower VO2max compared to the young group as 
shown below. 
 
Table 7.1. Participant characteristics of both ages groups. *Significant difference between 
groups. 
Group 
Age 
(yrs) 
Height 
(cm) 
Weight 
(kg) 
BSA 
(m2) 
Body Fat 
(%) 
VO
2max
 
(ml.kg-1.min-1) 
Young 
(n=10) 
24 ± 2* 179.8 ± 7.7 78.1 ± 11.1 2.0 ± 0.2 15.9 ± 2.5* 47.6 ± 6.1* 
Older 
(n=10) 
69 ± 4 175.3 ± 4.6 76.9 ± 9.7 1.9 ± 0.1 20.9 ± 3.6 34.1 ± 5.3 
 
 
 
7.4.2. Environmental Conditions  
During each trial the environmental conditions were closely monitored and 
controlled in order to maintain consistency between individual exposures. 
There were no significant differences in ambient air temperature or RH 
between age groups in the NEUT, HOT or COLD condition (p > 0.05) as 
shown in Table 7.2. 
 
Table 7.2. Experimental environmental conditions in both groups in NEUT, HOT and 
COLD conditions. 
Group Air Temperature (°C) Relative Humidity (%) 
 
NEUT HOT COLD NEUT HOT COLD 
Young 25.1 ± 0.1 32.0 ± 0.1 12.1 ± 0.1 40.2 ± 0.4 50.3 ± 0.5 49.2 ± 0.7 
Older 25.1 ± 0.1 32.0 ± 0.1 12.1 ± 0.1 40.2 ± 0.7 50.6 ± 0.9 48.7 ± 1.3 
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7.4.3. Core Temperature 
Tcore was monitored using a radio pill ingested 5 h before the trial. Older 
individuals had a significantly lower Tcore from PRE to 5 min in the HOT 
condition (p < 0.05) and from 10-25 min in the COLD condition (p < 0.05), 
when compared to the young group (Figure 7.5). No significant difference in 
Tcore was observed between groups in the NEUT condition (p > 0.05). In both 
groups, average Tcore (0-25 min) was significantly higher in the HOT condition 
compared to COLD (p < 0.05). In the older group, Tcore in the NEUT condition 
was also significantly higher than in the COLD (p < 0.05). 
 
The ∆Tcore from pre-post (0-25 min) was compared between age groups in 
each condition (Figure 7.6). Older individuals had a significantly higher ∆Tcore 
in both the HOT and COLD conditions (p < 0.05) when compared to the young 
group, but this was not significantly different in the NEUT condition (p > 0.05). 
 
 
Figure 7.5. Core temperature (°C) during the NEUT, HOT and COLD 
trial between age groups. *Significantly different between groups. 
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Figure 7.6. ∆core temperature (°C) during the rest and exercise 
period in both age groups. *Significantly different between groups. 
 
7.4.4. Subjective Responses 
In line with the previous chapters, whole body thermal sensation (Figure 7.7) 
and comfort (Figure 7.8) were recorded at 5 min intervals during all conditions 
using the subjective scales detailed in Chapter 3. 
 
Thermal Sensation 
Whole body thermal sensation values were significantly higher (i.e. warmer) in 
the young compared to older group from 10-25 min in the HOT condition (p < 
0.05). Whereas thermal sensation was not significantly different between 
groups in the NEUT and COLD conditions (p > 0.05). In both groups average 
thermal sensation was significantly higher in the HOT condition compared to 
NEUT and COLD (p < 0.001) and significantly lower in the COLD condition 
compared to NEUT (p < 0.001). 
 
Thermal Comfort 
Whole body thermal comfort values were not significantly different between 
age groups in any condition (p > 0.05). In both groups average thermal 
comfort was significantly higher in the COLD condition compared to HOT and 
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NEUT (p < 0.001) and significantly lower in the NEUT condition compared to 
HOT (p < 0.04). 
 
 
 
Figure 7.7. Thermal sensation responses during the NEUT, HOT and 
COLD trial between age groups. *Significantly different between groups. 
 
 
 
Figure 7.8. Thermal comfort responses during the NEUT, HOT and COLD 
trial between age groups.  
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7.4.5. Heart Rate 
In the HOT condition, heart rate was higher in the young compared to older 
group throughout the exposure (Figure 7.9); however this was only significant 
at the 10 min time point (p < 0.05). There were no significant differences in 
heart rate between groups in the NEUT and COLD conditions (p > 0.05). In 
the young group, average heart rate was significantly higher in the HOT 
condition when compared to NEUT (p = 0.003) and COLD (p = 0.02). 
However, heart rate did not significantly differ between conditions in the older 
group (p > 0.05). 
 
 
Figure 7.9. Heart rate responses during the NEUT, HOT and COLD 
trial between age groups. *Significantly different between groups. 
 
 
7.4.6. Overall Mean Skin Temperature 
Overall ₸sk was calculated using two methods: 1) by averaging the whole body 
images and 2) by averaging the weighted mean temperature of each body 
region (Table 7.3). There were no significant differences in ₸sk between age 
groups in any condition or between overall ₸sk and SA weighted ₸sk (p > 0.05). 
In both age groups, overall ₸sk was significantly higher in the HOT compared 
to the NEUT and COLD condition and significantly lower in the COLD 
compared to NEUT (p < 0.001).  
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Table 7.3. Overall mean skin temperature (°C) and SA weighted mean skin 
temperature in each condition and age group. 
 Overall ₸sk SA Weighted ₸sk 
 Young Older Young Older 
Condition Mean SD Mean SD Mean SD Mean SD 
NEUT PRE 31.6 1.1 31.4 1.1 32.0 0.8 31.8 0.9 
NEUT POST 31.8 1.0 31.9 1.1 32.6 0.8 32.2 0.9 
HOT PRE 33.5 1.0 33.5 1.2 33.6 1.0 33.6 1.0 
HOT POST 34.6 1.1 34.9 1.2 34.5 0.9 34.9 1.1 
COLD PRE 28.6 1.6 28.2 1.9 29.9 1.0 29.2 1.3 
COLD POST 26.4 1.6 25.9 1.8 27.6 1.2 26.9 1.2 
 
 
7.4.7. Regional Skin Temperature  
Age-related differences in local Tsk at each region were assessed in the 
NEUT, COLD and HOT condition. Environmental condition differences and 
PRE to POST and left to right comparisons were also made within each age 
group. All mean data is displayed in Table 7.4-7.6 and the body maps are 
presented in Figure 7.10-7.14 for each age group, time point and condition. 
Thermograms are presented with: 1) the same temperature scale for each 
condition (Figure 7.10), 2) each condition with the temperature scale centered 
on the average ₸sk ± 4°C (Figure 7.11, 7.12 and 7.13) and 3) a more detailed 
version of the HOT condition with a smaller temperature range (Figure 7.14). 
 
NEUT Vs HOT Vs COLD 
Tsk at all body regions was significantly higher in the HOT condition when 
compared to NEUT and COLD in both age groups (p < 0.02). In the COLD 
condition Tsk was significantly lower at all body regions than in the NEUT and 
HOT condition, again in both the young and older age group (p < 0.05). 
 
Young Vs Older 
In the NEUT condition, Tsk was similar between age groups at almost all body 
regions (Table 7.4). PRE Tsk was significantly higher in the young group at the 
lower (p = 0.03) and mid torso (p = 0.02) when compared to the older group. 
POST Tsk was also significantly higher in the young compared to older group 
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at the lower (p = 0.01) and mid torso (p = 0.01) as well as the upper back (p = 
0.03). The warmest regions at PRE and POST were the torso and upper back 
and the coldest were the triceps and legs in both age groups. 
 
While in the HOT condition there were clear cooler patterns on the older torso, 
for the analysed regions these were not significantly different at the PRE time 
point between age groups. However, POST Tsk was significantly higher in the 
older group at the left and right shin (p = 0.04), calf (p < 0.03) and hamstring 
(p = 0.01) when compared to young (Table 7.5). In both age groups the 
warmest regions at PRE were the torso and upper back and the coldest were 
the triceps and thighs. At POST, the warmest regions were the torso, upper 
back and arms and coldest were the lower legs. 
 
In the COLD condition PRE Tsk was significantly higher in the younger group 
at the lower (p = 0.003) and mid torso (p = 0.001) and lower (p = 0.04) and 
upper back (p = 0.005) when compared to the older group (Table 7.6). POST 
Tsk was significantly higher in the young compared to older group at the lower 
(p = 0.004), mid (p = 0.001) and upper torso (p = 0.04) and the mid (p = 0.01) 
and upper back (p = 0.01). Similar to NEUT, in the COLD condition, the 
warmest regions at PRE and POST were the torso and upper back and the 
coldest were the legs in both age groups. 
 
 
  
237 
 
 
 
Figure 7.10. Group averaged body maps of absolute skin temperature (°C) after 25 min (POST) in COLD, NEUT AND HOT conditions all using 
the same temperature scale. 
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Figure 7.11. PRE and POST group averaged body maps of absolute skin temperature (°C) in the NEUT condition. 
Temperature scale is adapted based on the overall mean skin temperature of the condition (~30°C) ±4°C. 
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Figure 7.12. PRE and POST group averaged body maps of absolute skin temperature (°C) in the HOT condition. 
Temperature scale is adapted based on the overall mean skin temperature of the condition (~34°C) ±4°C. 
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Figure 7.13. PRE and POST group averaged body maps of absolute skin temperature (°C) in the COLD condition. 
Temperature scale is adapted based on the overall mean skin temperature of the condition (~27°C) ±4°C. 
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Figure 7.14. Identical group averaged body maps as shown in Figure 7.9 with a smaller scale range (31-36°C) to 
highlight more detail in the HOT condition.  
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Table 7.4. Mean ± SD for the skin temperature (°C) of all body regions in the NEUT condition in both 
young and older individuals. Significance level between age groups are displayed as *p < 0.05, **p < 
0.01, ***p < 0.001 (when significant, young values always higher). 
 
 
Table 7.5. Mean ± SD for the skin temperature (°C) of all body regions in the HOT condition in both 
young and older individuals. Significance level between age groups are displayed as *p < 0.05, **p 
< 0.01, ***p < 0.001 (when significant, older values always higher). 
 
 
NEUT Condition Regional Skin Temperature (°C) 
 Young PRE Older PRE Young POST Older POST 
Significance 
level 
 Mean SD Mean SD Mean SD Mean SD PRE POST 
Left shin 30.7 1.0 31.4 1.0 31.0 0.8 31.3 1.0 - - 
Left thigh 30.7 0.9 30.8 0.8 31.3 0.9 31.7 0.9 - - 
Right shin 30.9 0.8 31.6 1.3 31.1 0.7 31.4 1.0 - - 
Right thigh 30.9 0.8 30.9 1.0 31.4 0.7 31.8 0.9 - - 
Left anterior forearm 32.2 0.8 31.7 0.9 33.2 0.8 32.8 0.9 - - 
Left bicep 32.4 0.6 31.9 0.7 33.2 0.6 32.8 0.9 - - 
Right anterior forearm 32.1 0.9 31.7 0.8 32.8 0.8 32.5 1.0 - - 
Right bicep 32.2 0.7 31.9 0.8 32.7 0.7 32.6 1.0 - - 
Lower torso 32.7 0.9 31.8 0.9 33.8 0.9 32.6 0.9 * ** 
Mid torso 33.3 0.8 32.4 0.8 34.3 0.9 33.3 0.8 * ** 
Upper torso 33.2 0.8 32.6 0.9 34.1 0.8 33.3 0.9 - - 
Left calf 31.0 0.7 31.6 0.9 31.0 0.7 31.3 0.9 - - 
Left hamstring 31.2 0.7 31.5 1.0 31.5 0.7 31.8 1.0 - - 
Right calf 31.2 0.8 31.9 1.1 31.2 0.7 31.6 0.9 - - 
Right hamstring 31.2 0.8 31.3 1.1 31.5 0.9 31.5 1.1 - - 
Left posterior forearm 32.1 0.8 31.9 0.7 32.8 0.7 32.4 0.8 - - 
Left triceps 30.7 0.6 30.7 0.7 31.1 0.6 30.9 0.7 - - 
Right posterior forearm 32.2 0.6 31.9 0.7 32.6 0.6 32.2 0.7 - - 
Right triceps 30.7 0.8 31.0 0.8 31.3 0.7 31.4 0.8 - - 
Lower back 32.4 1.2 31.6 1.2 33.0 1.1 32.1 1.3 - - 
Mid back 32.7 0.9 32.3 1.1 33.3 0.6 32.7 1.1 - - 
Upper back 33.3 0.8 32.6 0.9 33.8 0.8 32.9 0.9 - * 
HOT Condition Regional Skin Temperature (°C) 
 Young PRE Older PRE Young POST Older POST 
Significance 
level 
 Mean SD Mean SD Mean SD Mean SD PRE POST 
Left shin 32.6 0.8 32.8 1.1 33.2 0.8 34.1 1.2 - * 
Left thigh 32.5 1.0 32.7 0.9 33.9 0.9 34.6 1.0 - - 
Right shin 32.6 0.8 33.2 1.2 33.2 0.9 34.2 1.1 - * 
Right thigh 32.5 1.1 32.5 1.2 33.9 0.9 34.5 1.1 - - 
Left anterior forearm 33.6 0.8 33.8 0.9 35.3 0.5 35.1 1.1 - - 
Left bicep 33.8 0.7 33.9 0.9 35.4 0.5 35.2 1.1 - - 
Right anterior forearm 33.7 0.8 33.9 0.8 35.1 0.7 35.3 1.0 - - 
Right bicep 33.8 0.8 34.1 0.9 35.3 0.6 35.5 1.0 - - 
Lower torso 34.5 1.3 33.5 0.9 35.3 1.1 35.3 1.1 - - 
Mid torso 34.9 1.4 34.3 0.8 35.4 1.2 35.7 1.1 - - 
Upper torso 34.8 1.3 34.5 1.0 35.7 1.2 35.9 1.3 - - 
Left calf 32.7 0.7 33.2 1.1 33.4 0.6 34.3 1.0 - * 
Left hamstring 32.7 0.8 33.3 0.9 33.5 0.7 34.5 1.0 - ** 
Right calf 32.7 0.9 33.5 1.1 33.3 0.8 34.5 1.0 - ** 
Right hamstring 32.6 0.8 33.2 0.8 33.4 0.9 34.5 0.9 - ** 
Left posterior forearm 33.7 0.9 33.8 1.1 35.2 0.6 35.1 1.0 - - 
Left triceps 32.3 0.9 32.7 1.0 34.4 0.7 34.6 0.8 - - 
Right posterior forearm 33.9 0.7 34.0 0.9 35.1 0.7 35.3 0.8 - - 
Right triceps 32.3 0.9 33.0 0.8 34.5 0.8 34.8 0.8 - - 
Lower back 34.0 1.3 33.6 1.1 34.4 1.1 34.4 1.3 - - 
Mid back 34.0 1.1 34.2 1.1 34.6 1.0 35.0 1.4 - - 
Upper back 34.5 1.3 34.3 1.1 34.8 1.4 35.3 1.4 - - 
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Table 7.6. Mean ± SD for the skin temperature (°C) of all body regions in the COLD condition in 
both young and older individuals. Significance level between age groups are displayed as *p < 
0.05, **p < 0.01, ***p < 0.001 (when significant, young values always higher). 
 
 
Distribution Pattern 
The whole body maps presented above allow a visual representation of the 
Tsk distribution pattern in each group and condition. Figure 7.10 depicts front 
and back group averaged maps of absolute Tsk in the NEUT, HOT and COLD 
condition all within the same temperature range (24-36 °C) for a direct 
comparison between condition. Figure 7.11, 7.12 and 7.13 have a modified 
temperature range around the ₸sk in each condition to provide greater detail 
and 7.14 provides a narrower temperature scale for the HOT condition only to 
allow an even clearer representation of the distribution pattern. Furthermore, 
relative (normalised) body maps were produced by dividing the absolute maps 
by the group ₸sk (Appendix E). An in depth discussion on the distribution 
pattern of each condition will be addressed in section 7.5 below.  
 
PRE Vs POST  
In the NEUT condition Tsk increased significantly from PRE to POST at the 
upper (p = 0.04) and lower torso (p = 0.02) in the young group and the left 
COLD Condition Regional Skin Temperature (°C) 
 Young PRE Older PRE Young POST Older POST 
Significance 
level 
 Mean SD Mean SD Mean SD Mean SD PRE POST 
Left shin 27.4 1.3 27.6 1.3 24.8 1.3 25.0 1.4 - - 
Left thigh 27.6 1.7 27.7 1.4 25.2 1.5 25.1 1.1 - - 
Right shin 27.5 1.3 28.0 1.5 24.5 1.3 24.9 1.5 - - 
Right thigh 28.0 1.3 27.9 1.3 25.1 1.1 25.3 1.5 - - 
Left anterior forearm 30.0 1.2 28.8 1.3 27.9 1.5 27.0 1.4 - - 
Left bicep 30.6 0.8 29.8 1.1 28.3 1.3 27.7 1.3 - - 
Right anterior forearm 29.0 1.4 28.0 1.5 26.6 1.9 25.6 1.5 - - 
Right bicep 29.5 1.1 28.9 1.5 26.6 1.8 26.6 1.6 - - 
Lower torso 31.8 1.0 30.3 1.0 30.3 1.3 28.3 1.5 ** ** 
Mid torso 32.5 0.8 31.1 0.9 30.9 1.1 29.0 1.0 *** *** 
Upper torso 31.9 0.9 30.9 1.1 30.2 1.4 28.9 1.2 - * 
Left calf 27.8 0.9 27.5 1.5 25.5 1.1 25.2 1.1 - - 
Left hamstring 28.2 1.2 27.9 1.7 26.3 1.2 26.1 1.2 - - 
Right calf 27.9 1.0 28.1 1.9 25.7 0.9 25.9 0.9 - - 
Right hamstring 28.1 1.4 28.1 2.0 26.0 1.5 25.9 1.5 - - 
Left posterior forearm 29.7 1.1 28.6 1.9 27.4 1.3 26.4 1.3 - - 
Left triceps 28.2 0.9 27.5 1.3 25.1 1.0 24.6 1.0 - - 
Right posterior forearm 29.4 1.0 28.1 2.5 27.3 1.3 26.3 1.3 - - 
Right triceps 28.4 0.8 27.9 1.4 25.5 0.9 25.5 0.9 - - 
Lower back 31.0 0.9 29.9 1.3 28.6 1.3 27.5 1.3 * - 
Mid back 31.5 0.6 30.8 1.0 29.1 0.9 28.0 0.9 - ** 
Upper back 31.8 0.6 30.7 0.9 29.4 0.8 28.4 0.8 ** ** 
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thigh (p = 0.03) in the older group. In both groups the left anterior forearm (p < 
0.01), left bicep (p < 0.02) and mid torso (p = 0.02) also showed a significant 
increase in Tsk from PRE to POST in NEUT. In the HOT condition there was a 
significant PRE to POST increase in Tsk at over half of the body regions 
assessed in both age groups (p < 0.05). In the COLD condition there was a 
significant decrease in Tsk from PRE to POST at all body regions in both age 
groups (p ≤ 0.01). 
 
Left Vs Right 
There were no significant right to left differences in Tsk in either group in the 
NEUT and HOT conditions (p > 0.05). However, in the COLD condition, the 
left bicep was significantly warmer at both PRE (p = 0.02) and POST (p = 
0.03) in the young group only. 
 
7.5. Discussion 
The present study has produced the first whole body maps comparing Tsk 
distribution of young and older individuals in response to passive exposure to 
a NEUT (25°C/40% RH), HOT (32°C/50% RH) and COLD (12°C/50% RH) 
condition. The novel population averaged maps were produced in line with 
Fournet et al., (2013) and provide new and detailed insights into the regional 
and age-related differences in Tsk regulation. The main findings of the study 
were that although both age groups had similar ₸sk, there were significant 
differences evident at specific regions of the body. In the NEUT and COLD 
condition, Tsk at areas of the anterior and posterior torso were significantly 
lower in the older compared to younger age group (Table 7.4 and 7.6 
respectively). Whereas in the HOT condition, older individuals had a 
significantly higher Tsk at the leg regions (Table 7.5). It was also observed that 
the change in Tcore was significantly greater in the older group in both COLD 
and HOT conditions (Figure 7.6) despite no reflection of this in their ratings of 
thermal sensation (Figure 7.7) and comfort (Figure 7.8). These findings 
highlight the age-related differences in Tcore and Tsk regulation after only a 
short 25 min exposure to a range of environmental conditions. 
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7.5.1. Overall Skin Temperature 
Overall whole body ₸sk was calculated in two different ways: 1) by averaging 
the whole body mean images and 2) by averaging the surface area weighted 
means of the 22 body regions. There was no significant difference in ₸sk 
between the two methods or between age groups in any condition (Table 7.3). 
This finding is not consistent with the previous research suggesting that older 
individuals have a lower ₸sk than their younger counterparts, albeit in 
thermoneutral conditions only (Niu et al., 2001; Rasmussen & Mercer, 2004; 
Ferreira et al., 2008). However, although not significant, whole body ₸sk in the 
COLD condition was approximately 0.5-0.7°C lower in the older compared to 
younger group. The slightly lower ₸sk in the older group may be attributed to 
the overall significantly higher body fat content (16% in young Vs 21% in 
older: Table 7.1). Despite this, the same finding was not evident in the HOT 
condition whereby overall ₸sk was similar between groups and more uniform 
over the body, aside from the leg regions and small areas on the lateral torso 
(Figure 7.14). 
 
Previous studies have confirmed an association between ₸sk and body fat 
percentage, particularly at the torso region, when comparing males and 
females (Savastano et al., 2009; Fournet et al., 2013; Neves et al., 2017; 
Salamunes et al., 2017) and overweight and lean males (Ooijen et al., 2006). 
From the body maps and data portrayed in Table 7.6 it is clear that the torso 
region in the older group was significantly colder, therefore a potential 
relationship with body fat percentage seems plausible. However, the majority 
of findings from previous studies were between young males and females, 
who have been shown to have different ‘fat patterning’ (Mueller & Joos, 1985). 
A study assessing Tsk variation in the cold in young males with a wide range of 
body fat percentage (7-40%) showed that the regional Tsk did not reflect the 
subcutaneous fat thickness pattern across the body (Fournet, 2013). 
Unfortunately the current study did not assess regional skin fold thickness so it 
cannot be confirmed whether a shift in the ‘fat patterning’ of aged individuals is 
responsible for the Tsk alterations. Differences in regional Tsk distribution will 
be discussed in more detail below (section 7.5.2). 
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As expected, overall ₸sk in both age groups was significantly higher in the HOT 
condition compared to NEUT and COLD and significantly lower in the COLD 
compared to NEUT condition. These differences occurred even at the ‘PRE’ 
time point, which was less than 5 min of exposure to the condition. This 
highlights the rapid response time of Tsk regulation in varying environmental 
conditions which was similar regardless of age. A visual representation of this 
can be observed in Figure 7.10 whereby the absolute Tsk in each condition are 
shown in the same figure, with a fixed temperature scale, in order to highlight 
the magnitude of the differences during each exposure. 
 
7.5.2. Regional Skin Temperature 
The main purpose of the study was to assess the age-related differences in 
regional Tsk distribution in a NEUT, HOT and COLD environment at 22 body 
regions. Despite no significant differences in overall ₸sk, there were significant 
variations at specific regions on the body. As mentioned above, Tsk at the 
trunk region was significantly lower in older individuals when compared to their 
younger counterparts after exposure to the COLD and NEUT condition. In the 
NEUT condition, Tsk of the lower and mid torso and upper back were ~1°C 
lower than the young group. In the COLD, the older group’s lower and mid 
torso temperature was almost 2°C lower than the young and the upper torso 
and back regions were ~1°C lower. These findings can be seen in the 
distribution pattern shown in the body maps, particularly in the COLD 
condition and as previously discussed, may have been attributed to age-
related body fat differences. A redistribution of fat over the body and an 
increase in subcutaneous and visceral adiposity, particularly at the abdominal 
region, is known to occur as we age (Borkan & Norris, 1977). As body fat 
plays the role of a thermal insulator by preventing transfer of heat via 
conduction from the core to the skin (Ooijen et al., 2006; Savastano et al., 
2009), this may provide an explanation for the current findings. Similar 
conclusions have been drawn in previous age-related studies, whereby a 
lower trunk temperature observed in older males (Niu et al., 2001) and 
females (Niu et al., 2001; Moreira et al., 2017b) was also postulated to be due 
to body fat percentage. Although regional fat thickness was not measured in 
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the current study, it is worth noting that the majority of older individuals were 
noticeably larger around the mid-region, reflected in their overall higher body 
fat percentage. 
 
A study by Fournet et al., (2013) observed a Y-shaped Tsk pattern on both the 
anterior and posterior torso in males while exercising in the cold. The anterior 
Y-shape was an area of lower Tsk and the posterior was an area of high Tsk. A 
similar posterior Y-shape pattern of higher Tsk is evident after exposure to the 
COLD and NEUT condition in present study, in both age groups. However, 
there is no clear evidence for this at the anterior torso which may be due to 
the fact that the current study was conducted at rest while donning a t-shirt, 
whereas the study by Fournet et al., (2013) involved semi-nude running with a 
relative wind speed. The Tsk distribution patterns observed in the present 
study and in Fournet et al., (2013) cannot be directly compared to the 
literature due to the novel nature of the population average body maps which 
are the first of their kind. However, an early case study observing a single 
male runner in cold conditions showed a comparable skin warming pattern on 
the posterior torso (Clark et al., 1977). 
 
Another key finding from the present study was that in the HOT condition, the 
older group had a significantly higher Tsk at the lower legs and hamstrings, 
when compared to the young group (by ~1°C). This is evident when assessing 
the whole body maps in Figure 7.12 and 7.14 whereby the anterior and 
posterior legs in the POST images are clearly warmer in the older group. It is 
hypothesised that this may be due to age-related regional sweat rate 
differences, linking back to Chapter 6 of this thesis. In Chapter 6 it was shown 
that older individuals have a significantly lower sweat loss from all regions in 
the legs in comparison to younger individuals at both rest and exercise in a 
hot condition (Figure 6.13 and 6.14). Therefore, it could be speculated that the 
higher sweat loss in the young group would cause subsequent skin cooling via 
the evaporation of sweat from the skin, hence eliciting the lower Tsk observed 
at the legs. This finding highlights the link between age-related changes in 
sweating and Tsk which may put older individuals at risk even during short 
duration exposure to hot environments. 
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This study also compared PRE to POST and right to left differences in Tsk at 
the 22 body regions assessed (Table 7.4-7.6). In the NEUT condition, the 
anterior torso, left bicep and anterior forearm were all significantly warmer at 
POST compared to PRE in the young group and the mid torso, left thigh, 
bicep and anterior forearm in the older group. In the HOT condition Tsk at over 
half the body regions assessed significantly increased from PRE to POST in 
each age group. Whereas in the COLD, Tsk at all body regions significantly 
decreased from PRE to POST. Out the 22 body regions assessed in each 
condition, only one right to left Tsk difference was significant. In the COLD 
condition, Tsk of the left bicep in the young group was significantly higher than 
the right side. This may be due to the measurement of blood pressure taken 
for inclusion within Chapter 5 of this thesis, requiring brief occlusion of the left 
bicep before and after exposure to the COLD, which may have caused 
warming of that area. The same finding was not evident in the older group 
despite the same measurement taking place and thus may highlight the 
differences in sensitivity of Tsk regulation between age groups. The lack of 
contralateral Tsk differences, with the exception of the bicep, demonstrates 
thermal symmetry in both age groups which is in agreement with previous 
literature in this area (Niu et al., 2001; Moreira et al., 2017b). 
 
7.5.3. Core Temperature 
The Tcore response of each group across the 25 min exposure to each 
condition is illustrated in Figure 7.5 and the delta is shown in Figure 7.6. In the 
NEUT condition, Tcore was relatively stable in both age groups as expected. 
However, in the HOT and COLD condition, the change in Tcore from PRE to 25 
min was significantly greater in the older compared to young group. This 
finding is in agreement with the literature whereby it is shown that older 
individuals have an impaired ability to maintain Tcore during exposure to heat 
and cold (Kenney & Munce, 2003; Degroot & Kenney, 2007; Schlader et al., 
2017). Albeit only a relatively small change in Tcore, this study highlights the 
age-related thermoregulatory differences after only 25 min exposure to a 
thermally challenging environment. 
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Moreover, the Tcore findings in relation to Tsk provide an interesting insight. In 
section 7.5.2 it was discussed that older individuals had significantly lower Tsk 
at the torso and back regions in the COLD condition, potentially due to the role 
of body fat as a thermal insulator. However, if a higher level of ‘insulation’ was 
the sole cause of the lower Tsk, a higher Tcore would be expected due to lower 
conductive heat loss. In contrast to this theory, the exact opposite occurred as 
the older individuals in the present study had a significantly lower Tcore than 
the young, suggesting that the observed differences in Tsk may be a result of 
ageing per se and not primarily related to a difference body composition. 
Equally, in the HOT condition, the change in Tcore was greater in the older 
group but the overall ₸sk was 0.3-0.4°C higher than the young group which is 
the reverse of what would be expected (potentially due to lower evaporative 
cooling of the skin in the older individuals).  
 
7.5.4. Subjective Responses 
One finding that is repeated throughout this thesis is older individual’s 
decreased ability to sense a change in their Tcore. In the NEUT and COLD 
condition of the present study, both young and older individuals had similar 
whole body thermal sensation and comfort responses, despite the Tcore of the 
older individuals being significantly lower than the younger group in the COLD 
condition. Furthermore, in the HOT condition, the older group reported feeling 
significantly cooler (from 10-25 min) and more comfortable (from 15-20 min) 
than the young group despite having a significantly greater rise in Tcore. Again 
this reinforces the decline in whole body thermal sensitivity between age 
groups after short duration exposure to hot and cold conditions. It is important 
to note however, that although the change in Tcore was significantly different 
between age groups, ₸sk was not and therefore sensory signals from the skin 
may not be too different, eliciting the similar ratings of sensation and comfort. 
In the study by Fournet et al., (2013), individuals were asked to rate their 
thermal sensation of different body regions and these ratings were then 
compared to the corresponding Tsk responses. They found that although no 
sex differences were observed (despite a 1-2°C difference in Tsk) it was shown 
that regional thermal sensation across the body was associated with the 
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corresponding Tsk, albeit during exercise only (Fournet et al., 2013). 
Assessing regional subjective responses in the present study would have 
been interesting to investigate if there were any age-related differences in 
convective thermal sensation.  
  
7.5.5. Limitations 
The current study was conducted in combination with two other studies from 
this thesis (Chapter 5 and 6) and therefore the order of the conditions could 
not be randomised. Each participant completed the HOT condition first on a 
separate day, followed by the NEUT and then COLD conditions, which were 
performed on the same day. The order of the trials may have influenced the 
results but it was ensured that there was a 30 min rest period between NEUT 
and COLD condition to minimise any order effect. Furthermore, the difference 
in body fat between the two age groups may have masked any true age-
related differences in regional Tsk variation. Matching age groups for body 
characteristics may be viewed as the most logical approach, however this is 
not a realistic representation of the average population which is the aim of the 
current thesis. In relation to body fat acting as a thermal insulator, the Tcore and 
Tsk discrepancy discussed previously would suggest that body composition 
differences alone do not explain the Tsk variation between age groups. 
 
Another potential limitation is the issue of using an infrared camera across 
differing environmental conditions. It has been previously reported that Tsk 
outcomes from infrared thermography do not agree with conductive 
techniques, particularly within hot environmental conditions (Bach et al., 
2015a, 2015b). However, before each testing session, the camera was 
stabilised to each environmental condition 1 h prior to the first image being 
taken and each image was adjusted relative to a blackbody calibrator before 
analysis. Furthermore, the environmental conditions in the study each fall 
within the suitable testing range guidelines provided by the manufacturer of 
the infrared camera (-15 to 50°C).  
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7.5.6. Application 
The current findings and creation of the first whole body Tsk maps for young 
and older individuals during exposure to neutral hot and cold conditions have 
a variety of applications for design, health care and thermal modelling. 
Knowledge of Tsk distribution in a range of environmental conditions is useful 
for the design of sports and protective clothing and heating and cooling 
systems for buildings and vehicles which may be tailored for individual needs. 
Furthermore, the whole body maps provide standard Tsk patterns for healthy 
young and older individuals, which may be used in health care for diagnosing 
infection, fever and pathological conditions based on deviations from the 
population averaged maps. Lastly, the current data relates directly into the 
design of thermal manikins and modelling in thermal physiology, providing 
realistic Tsk distribution patterns for young and older individuals in response to 
neutral, hot and cold conditions. 
 
7.5.7. Conclusions 
In summary, this study demonstrates that despite no difference in overall ₸sk, 
there are age-related differences in Tsk distribution at specific body regions. In 
response to a thermoneutral and cold environmental condition, the anterior 
and posterior torso of older individuals was shown to have a significantly lower 
Tsk compared to the young, possibly related to an increase in abdominal 
adiposity with age. Whereas, in response to a hot condition, the leg regions 
were significantly warmer in the older group, as a consequence of reduced 
sweat output and evaporate cooling. Moreover, it was observed that older 
individuals had a greater change in Tcore in response to both whole body 
heating and cooling but this was not reflected in their ratings of thermal 
sensation or comfort. This study highlights that significant age-related 
differences in thermoregulatory control are evident after only a short duration 
(25 min) exposure to moderately challenging environmental conditions.  
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CHAPTER 8: Conclusions, Applications and 
Recommendations for Future Research 
 
 
8.1. Thesis Overview 
The main focus of this research was to investigate regional and age-related 
differences in thermoregulatory responses (thermal sensitivity, sweating and 
Tsk) during exposure to a range of environmental stimuli in healthy young and 
older individuals, using a body mapping approach. The research questions 
were as follows: 
 
1. To what extent does body location, initial Tsk, environmental 
temperature and age influence thermal sensitivity to warm and cold 
stimuli in young and older individuals? 
 
2. Are there age-related differences in sweat rate and sweat distribution 
over the body and does this change from rest to exercise? 
 
3. Are there age-related differences in Tsk distribution over the body and 
does this distribution pattern change when exposed to different 
environmental conditions? 
 
As the literature review presented in Chapter 2 identified that the majority of 
existing age-related research has only assessed such responses at a limited 
number of body regions, a body mapping approach was utilised to conduct the 
current research. Body mapping provides extensive detail at a large number of 
regions over the body and allows for within segment analysis (i.e. the torso is 
split into upper/mid/lower and lateral/medial regions), which limits 
generalisation of thermoregulatory responses across large areas. The body 
maps created from this approach provide a visual representation of the 
findings and therefore can be compared between different populations, 
conditions or time points with ease, making this research accessible and 
applicable to different target groups and fields.  
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Different techniques were adopted in order to assess the range of thermal 
responses, based on previous research. The first three experimental studies 
focused on thermal sensitivity and how it may be affected by stimulus 
temperature, age, body location and environmental temperature. The fourth 
study investigated regional and age-related differences in the sweating 
response during both rest and exercise in a warm environment. Lastly, the fifth 
experimental study mapped Tsk responses through a range of environmental 
temperatures. The collection of studies presented within this thesis are the 
first to examine thermoregulatory responses in such great detail over the 
entire body in an older population group. Together, these findings provide an 
insightful, in depth overview of how healthy young and older individuals 
thermoregulate when exposed to several different environmental conditions 
and stimuli.  
 
8.2. Conclusions 
The findings from this thesis are separated into three main sections below, 
based on the three different thermoregulatory responses assessed: thermal 
sensitivity (Chapter 3, 4 and 5), sweating (Chapter 6) and Tsk (Chapter 7). 
 
8.2.1. Thermal Sensitivity 
Within this thesis, a series of studies (Chapter 3, 4 and 5) were conducted 
investigating different factors (age, body location, application technique, Tsk, 
environmental temperature) that influence our ability to sense thermal stimuli 
(thermal sensitivity) across the body. Each study included both warm and cold 
stimuli and utilised a magnitude estimation method which incorporated both a 
transient and steady state response. The first study in the series (Chapter 3) 
aimed to assess the difference between applying a fixed and a relative 
temperature stimulus on thermal sensitivity ratings at 33 body regions in 
young males. The fixed temperature was 20°C for cold and 40°C for warm and 
the relative temperature stimulus was calculated by adding 7°C to or 
subtracting 10°C away from initial Tsk (measured using an infrared 
thermometer beforehand). Thermal sensitivity (the magnitude response) to 
warm and cold stimuli did not significantly differ when applying a fixed or 
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relative stimulus to the skin. This may suggest that within the condition tested, 
the initial regional differences in Tsk over the body do not seem to largely 
influence thermal sensitivity when using the magnitude estimation method. It 
could therefore be proposed that, at least for a thermoneutral environment 
(24-26°C), using either method for thermal sensitivity testing would be 
appropriate to assess regional differences over the body. For ease and time 
efficiency, the fixed stimulus method may be preferred, especially when 
assessing a large number of body regions.  
 
Building on the findings from the first sensitivity study, the second in the series 
(Chapter 4), aimed to assess the regional and age-related differences at 33 
body regions in a thermoneutral environment using fixed temperature stimuli 
(20°C for cold and 40°C for warm). Magnitude sensation (for both warm and 
cold) was slightly lower at the majority of body regions in the older age group 
compared to the young group; however this was only consistently significant 
at the foot region. The consistent decline in thermal sensitivity at the foot is in 
agreement with the majority of the literature (Bertelsmann et al., 1985; 
Kenshalo, 1986; Lautenbacher & Strian, 1991a; Meh & Denislic, 1994; 
Stevens & Choo, 1998; Harju, 2002; Inoue et al., 2016) and may be due a 
greater vulnerability of longer nerve fibres (particularly for transient responses) 
which puts older individuals at an increased risk of heat and cold induced foot 
injuries.  
 
Continuing with the ageing sensitivity theme, the third study in the series 
(Chapter 5) investigated the influence of whole body cooling on local thermal 
sensitivity to warm and cold stimuli at 8 body regions. Young and older 
individuals were exposed to 12°C ambient air temperature before the thermal 
sensitivity test and this was compared to a thermoneutral condition (25°C/40% 
RH). The findings suggest that whole body cooling blunts thermal sensitivity to 
a cold stimulus but has no influence on local warm sensitivity, regardless of 
age. However, age-related declines in sensitivity were observed during both 
cold and neutral exposures. It was also observed that when compared to the 
young group, older individuals had an impaired defence against a drop in Tcore 
during cold exposure and this was not reflected in their whole body subjective 
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ratings. This finding, coupled with the declines in local thermal sensitivity 
highlights the thermal vulnerability of the ageing population during spells of 
cold weather. 
 
From this series of thermal sensitivity studies it can be concluded that: 1) in a 
thermoneutral environment the natural variation in Tsk does not greatly 
influence the magnitude of thermal sensitivity to warm and cold, 2) whole body 
thermal sensation and local thermal sensitivity at the foot region decreases 
with age, 3) whole body cooling blunts local thermal sensitivity to cold stimuli 
but does not greatly influence warm sensitivity and 4) older individuals have 
an impaired defence against a drop in Tcore.  
 
8.2.2. Sweating 
Within the literature there is currently limited knowledge on the regional sweat 
distribution of older adults in response to rest and exercise in a warm 
environment.  Despite a vast body of work conducted by Inoue and colleagues 
on the sweat response during passive heating, quantifying regional sweat 
rates over the entire body is still not achievable with the available data. Within 
Chapter 6 of this thesis, regional and age-related differences in sweat rates 
were assessed at 50 body regions during both rest (passive) and moderate 
exercise (active) in a warm environment (32°C). A body mapping approach 
was utilised whereby technical absorbent pads were applied to the skin to 
measure sweat rate over a 5 min period, in line with previous work (Havenith 
et al., 2008; Smith & Havenith, 2011, 2012, 2019). During the exercise period, 
both age groups were working at the same fixed heat production (200 W.m-2) 
to minimise the influence of biophysical factors influencing sweat rate. It was 
concluded that at rest older individuals had significantly lower sweat rate at 
almost all body regions compared to their younger counterparts, which may be 
due to a lower metabolic rate, however this was not measured in this 
particular study (see Chapter 4). The sweat distribution pattern observed in 
both age groups was similar to the whole body sweat maps presented by 
Smith & Havenith, (2011, 2012) showing highest sweat rates at the posterior 
torso and lowest at the extremities, as expected. Furthermore, despite equal 
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heat production, healthy older individuals had significantly lower gross sweat 
loss and significantly lower regional sweat rate at the hands, legs, ankles and 
feet during exercise compared to the younger group. These findings further 
the work by Inoue and colleagues to indicate that the lower extremities seem 
to be the first body segment affected by the ageing process (Inoue et al., 1991, 
1995, 1998, 1999a, 1999b; Inoue & Shibasaki, 1996). This may be linked to 
the decline in thermal sensitivity observed at the extremities, as highlighted in 
Chapter 4 and 5 of this thesis and within the literature. Similarly, this 
association was also discussed in the study by Inoue et al., (2016) as their 
previously observed decrements in heat loss effector function (Inoue et al., 
2004) seem to mimic the age-related declines in thermal sensitivity in their 
more recent study (Inoue et al., 2016). However, further research is required 
in this area to confirm the theoretical link between sweating and thermal 
sensitivity. 
 
The study discussed in Chapter 6 also demonstrated that older individuals had 
a greater increase in Tcore in a hot environment but despite this, felt cooler and 
more comfortable when compared to the younger group. The reverse 
phenomenon was previously observed in the cold environment in Chapter 5, 
whereby older individuals had an impaired defence against a drop in Tcore 
which was not detected in their subjective ratings of whole body thermal 
sensation and comfort. In support of these findings, a recent study simulated 
daily living activities in a warm climate and observed a decreased perceptual 
awareness in older adults, which they stated may limit the likelihood of 
implementing behavioural interventions during exposure to thermally 
challenging environments (Waldock et al., 2018). However, it must be noted 
that within the studies presented in this thesis, although the change in Tcore 
was significantly different between age groups, ₸sk was similar and thus 
similar peripheral sensations are not surprising.  
 
8.2.3. Skin Temperature 
The current literature addressing Tsk regulation in older adults is both limited 
and equivocal. Therefore, the final study presented within this thesis (Chapter 
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7) aimed to produce the first whole body population averaged Tsk maps for 
both young and older individuals in response to passive exposure to a range 
of environmental conditions. This research provides new insights into the age-
related differences in the spatial distribution of Tsk by using infrared 
thermography in a body mapping approach. Thermal images were taken of 
before and after a 25 min exposure to thermoneutral (25°C), hot (32°C) and 
cold (12°C) conditions alongside Tcore and subjective ratings of thermal 
sensation and comfort at regular intervals. A novel morphing technique was 
used in order to create the whole body population averaged maps which are 
the first of their kind within the literature. 
 
To conclude, the study in Chapter 7 demonstrated that despite no difference 
in overall ₸sk, there were age-related differences in Tsk at specific body 
regions. In response to a thermoneutral and cold environmental condition, the 
anterior and posterior torso of older individuals was significantly colder 
compared to the young, possibly related in part to increased abdominal 
adiposity with age. However, in response to a hot condition, the leg regions 
were significantly warmer in the older group, as a consequence of reduced 
sweat output and evaporate cooling. Moreover, the common theme within this 
body of work shows that older individuals display a greater change in Tcore in 
response to both whole body heating and cooling but this is not reflected in 
their ratings of thermal sensation or comfort. This study highlights that 
significant age-related differences in thermoregulatory control are evident after 
only a short duration (25 min) exposure to moderately challenging 
environmental conditions. Additionally, the use of ₸sk ‘mean skin temperature’ 
may not be sensitive enough to draw out true age-related differences and thus 
a regional approach may be more suitable. 
 
8.2.4. Overall Summary 
The series of studies within this thesis has produced the first set of whole 
body maps illustrating regional differences in thermal sensitivity, sweating and 
Tsk for a healthy older population group. These maps, alongside physiological 
and subjective measures have provided an in depth overview of the 
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thermoregulatory responses of both young and older individuals in response 
to a range of environmental stimuli. Collectively, the results of these studies 
highlight the age-related deterioration in both autonomic (Tcore, sweat rate and 
Tsk regulation) and behavioural responses (local thermal sensitivity and whole 
body thermal sensitivity and comfort) in the heat and cold which may 
consequently impact health and wellbeing of older individuals. It has been 
shown that even during short duration exposures to moderately challenging 
environmental conditions, healthy older individuals respond differently to their 
younger counterparts. It may be that safety guidelines for extreme weather 
events, such as heat waves and cold spells, are revisited and adapted to 
ensure the safety of the most at risk population groups. Additionally, the 
findings suggest that ‘whole body’ or single site measurements of Tsk, thermal 
sensation and sweat rate do not provide sufficient detail and may mask any 
age-related differences in these variables. A regional approach (body mapping) 
may be more suitable when comparing different population groups, especially 
due to the known variations in these responses over the body. 
 
8.3. Applications of the Current Research 
As touched upon in each individual chapter, the current research presented 
within this thesis has several applications from both a health-based and 
practical view point. The observed age-related declines in subjective (local 
and whole body thermal sensitivity) and objective (sweating and Tcore and Tsk 
control) responses during exposure to heat and cold, put older individuals at 
an increased risk of illness, injury and in extreme cases, mortality. It is 
important to note that these findings were evident in healthy older individuals 
(60-90 yrs) who were free from disease and co-morbidities, which is not a 
typical sample of the ‘general population’ from that age range. It could be 
speculated that the observed thermoregulatory declines may be exacerbated 
in diseased individuals of similar age, particularly those with diabetes and 
cardiovascular disease as highlighted in Chapter 2 (section 2.7.2). Therefore, 
in light of this, it may be necessary to revisit safety guidelines for working, 
exercising and rest in both hot and cold conditions in those over the age of 60 
years old. Currently there are guidelines for young, healthy individuals, 
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however according to the current data and the available literature these 
guidelines may not be appropriate for most vulnerable population group 
(Parsons, 2008; Balmain et al., 2018). For example, decreasing the 
recommended exposure time for extreme hot and cold environments would 
promote safer working and leisure conditions for older individuals. 
Alternatively, aiming to alleviate these declines in thermoregulatory responses 
could also promote better health in older individuals.  
 
The applications of the current findings are also design focused. The sweat 
mapping data presented in Chapter 6 can be useful for sport and protective 
clothing design, whereby different areas could be targeted to increase sweat 
evaporation and enhance cooling to improve comfort. Moreover, the design of 
healthcare products and appliances may be tailored to individual needs based 
on the sweat rates of older individuals, specifically the leg regions. For 
example, hospital beds and chairs that patients spend a large amount of time 
lying or sitting on could be designed in order to reduce irritation or the 
development of pressure sores caused partly from sweat accumulation and 
high local Tsk. Similarly, the thermal sensitivity and Tsk body maps may also be 
useful for design of sports/protective clothing and heating and cooling systems 
in buildings and vehicles to target the most and least sensitive body regions in 
response to temperature change. As extreme environmental temperatures are 
known to negatively influence driving performance (Daanen et al., 2003) and 
worker productivity (Kjellstrom et al., 2009; Flouris et al., 2018; Parsons, 2018), 
alleviating these deficits will provide important benefits to the general 
population and workplaces (Parsons, 2009). Locally, the extremities seem to 
the most affected body segment with advancing age and thus care must be 
taken to protect and target these areas with design. 
 
The use of infrared thermography is becoming more common in sport and 
medical related fields due to its non-invasive nature. The use of this technique 
to develop whole body Tsk maps for two distinct population groups in a range 
of environmental conditions may be useful for medical purposes. The maps 
could serve as a ‘standard’ for healthy individuals in order diagnose potential 
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thermoregulatory disorders, infection and pathological conditions based on 
obvious deviations from the population averaged ‘standard’ maps.  
 
Lastly, the current research also relates directly into the design of thermal 
manikins and modelling in thermal physiology, providing more realistic sweat 
and Tsk distribution patterns and differentiating between thermally sensitive 
and insensitive body regions for both young and older individuals. 
 
8.4. Recommendations for Future Research 
The current research provides the first detailed overview of age-related 
differences in thermoregulatory responses in the form of numerous body 
maps. However, as with any research study, there are a series of limitations 
which have generated potential avenues for future research studies as 
described below. 
 
The target population group of each study within the thesis included only 
healthy, white British, male participants. It would be interesting to further 
extend these investigations to older females and to provide whole body maps 
which can be compared to the current data as seen with the younger age 
group in previous sex comparison studies (Havenith et al., 2008; Smith & 
Havenith, 2012; Gerrett et al., 2014). Furthermore, assessing the influence of 
ethnicity in more detail would also be a valuable area for further research, with 
some work already being conducted in young individuals (Lee et al., 2010a; 
Ouzzahra, 2012; Havenith et al., 2017). It would also be of interest to broaden 
this body mapping research into a more clinical population by assessing 
patients with disease or co-morbidities. However, as the majority of 
thermoregulatory based research is conducted on healthy individuals due to 
ethical constraints and the complexity of working with ‘unhealthy’ population 
groups, more awareness and knowledge on the responses of diseased 
individuals is important, particularly in the ever changing climate today 
(Balmain et al., 2018). Focusing on healthy individuals is not a true 
representation of the current ageing population considering 40% of over 65’s 
in the UK have a limiting longstanding illness (Age UK, 2018). In light of this it 
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is also important to note that ageing is universal but not uniform and occurs at 
different rates within individuals (Jaul & Barron, 2017). 
 
With regards to thermal sensitivity research, the work presented in this thesis 
addresses the influence of differing environmental temperature on local 
sensitivity to warm and cold stimuli by comparing a neutral and a cold 
condition. Though, it would also be interesting to assess the effect of whole 
body heating on local thermal sensitivity at multiple body regions, especially 
due to the impact of global warming and the increased prevalence of heat 
waves. Some previous work has touched upon this by studying the influence 
of mild hyperthermia on threshold detection (Takeda et al., 2016a) and 
thermal comfort (Nakamura et al., 2008) at a select number of body regions. 
However, a direct replication of the current protocol i.e. magnitude estimation 
based test methods (Chapter 5) would be favourable for a comparison 
between all three environmental conditions. Moreover, alongside body 
mapping of thermal sensitivity in differing environments, an in depth review of 
whole body thermal sensitivity is required to fully understand the sensation 
process in each condition. 
 
The comprehensive assessment of sweat distribution conducted in Chapter 6 
of this thesis incorporated both a rest and an exercise period in which 46 body 
regions were measured in both young and older individuals. However, there 
are still multiple areas to be explored in this area such as quantifying sweat 
rates during different exercise modes (i.e. cycling or running) or during daily 
living activities for a more realistic lifestyle approach. Furthermore, the next 
logical applied step in this sweat related research would be to assess the 
sweat migration from the skin to clothing in an older population, similar to the 
work conducted by Raccuglia et al., (2018) in young athletes. This would aid 
the development and design of clothing which is tailored to individual needs. 
Lastly, as discussed previously, the next logical mechanistic step may be to 
attempt to elucidate the relationship between regional thermal sensitivity and 
regional sweat distribution 
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Appendix D – Example Participant Information Sheet 
 
 
 
Whole body sweat mapping: an age comparison 
Participant Information Sheet 
 
Principal investigator 
Nicole Coull 
Environmental Ergonomics Research Centre 
Loughborough University, LE11 3TU 
n.coull@lboro.ac.uk 
  
Supervisor 
Prof. George Havenith 
Environmental Ergonomics Research Centre 
Loughborough University, LE11 3TU 
g.havenith@lboro.ac.uk 
 
 
What is the purpose of the study? 
Sweating is the primary avenue of heat loss from the human body in hot 
environments. Sweat rates in differing environments and populations has been the 
focus of thermal physiology research in recent years, with implications in the design 
of clothing, thermal manikins and climate control within buildings and cars. Whole 
body maps of sweat rates in young fit individuals have been developed from previous 
research conducted in the Environmental Ergonomics Research Centre; however 
there is a distinct lack of research in this area focusing on older individuals. 
Therefore, the purpose of this study is to investigate whole body sweat rates during 
rest and exercise in young (18-30 yrs) and older (65-80 yrs) individuals. 
 
Who is doing this research and why? 
This research project will be led by a PhD student (Nicole Coull) and supervised by 
Prof. George Havenith and Dr. Simon Hodder. This study is part of a Student 
research project supported by Loughborough University. 
 
Are there any exclusion criteria? 
A risk assessment questionnaire will be completed and if it is deemed unsafe for an 
individual to participate they will not be involved in the study. Individuals with illness 
or injury will not participate in this study as we are aiming to investigate the response 
of healthy individuals. 
 
What will I be asked to do? 
You will be required to attend 3 sessions on separate days (1 pre-test and 2 
experimental tests) at the Environmental Ergonomics Research centre. Firstly, you 
will attend a pre-test session (1.5 hour) involving collection of body characteristic data 
such as height, weight and body fat percentage and participants will become familiar 
with the protocol and be instructed on how to use the core temperature pill. This 
session will also involve a submaximal exercise test which will involve walking on a 
treadmill with an incline to estimate maximal oxygen uptake. Participants over the 
age of 60 will be required to undertake a medical examination before taking part. 
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After the pre-test session, you will be required to attend 2 experimental sessions on 
separate days (2 hours each). Four/five hours before each session you will be 
required to swallow an ingestible pill which measures core temperature. You are 
instructed to swallow the pill whole with water and avoid chewing. This information 
will also be provided both via an instruction manual with the pill and also verbally 
explained to you during familiarisation. 
 
One session will be used to collect sweat from regions on the torso and the other 
from the extremities (arms, legs, hands and feet), during both rest and exercise. On 
arrival, participants will be fitted with a heart rate monitor and skin temperature 
sensors and then enter a temperature controlled room set at 32°C and 50% relative 
humidity (RH). Participants will first rest for 25 min in a seated position before sweat 
pads are applied to either the torso and forehead or the extremities, depending on the 
trial. Once all sweat pads are in place, participants will return to the seated position 
for the sweat collection period (5 min). The second part of the trial will be the exercise 
period which will require participants to walk on a treadmill at ~40-60% of their heart 
rate maximum for 25 min. After the exercise period, participants will dismount from 
the treadmill, be dried down from sweat and have more sweat pads applied before 
commencing an additional 5 min of walking (sweat collection period). Again, sweat 
pads will be removed, bagged and weighed and participants will then be free to exit 
the environmental chamber into a thermoneutral room. They will then cool down 
before leaving the laboratory and have the option of using the shower facilities on 
site.  
 
Each experimental session will last approximately 1.5-2 hours. 
 
Once I take part, can I change my mind? 
Yes.  After you have read this information and asked any questions you may have we 
will ask you to complete an Informed Consent Form, however if at any time, before, 
during or after the sessions you wish to withdraw from the study please just contact 
the main investigator (Nicole Coull). You can withdraw at any time, for any reason 
and you will not be asked to explain your reasons for withdrawing. However, once the 
results of the study are published in the thesis/journal article, it will not be possible to 
withdraw your individual data from the research. 
 
Will I be required to attend any sessions and where will these be? 
You will be required to attend 3 sessions (detailed above). All sessions will be held in 
the Environmental Ergonomics Research Centre at Loughborough University. 
 
How long will it take? 
Pre-test: 1.5 hour 
Experimental tests: 2 hours each 
Total time: 5.5 hours 
 
What personal information will be required from me? 
Personal information such as age, height, weight, body fat percentage, medical 
history, lifestyle and also contact details. 
 
Are there any risks in participating? 
There are a few minor risks involved in participating in the above. You may feel 
uncomfortable with walking in a warm environment; however you will be continuously 
monitored by the researcher and are able to stop at any time during the trial if you 
wish to. Swallowing a core temperature pill may also cause some discomfort but you 
will have clear instructions on how to take it to avoid any issues. 
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Will my taking part in this study be kept confidential? 
All personal data collected will be treated with complete confidentiality. Each 
participant’s documentation will be given a unique identifier that corresponds to the 
subjects details. Data will be stored on a password protected computer and personal 
data will be destroyed in 5 years after completion of the study. The anonymous 
numerical data that cannot be linked to any individual participant will be stored for at 
least 10 years and may be shared in a repository. Collection and storage of data will 
comply with the Data Protection Act. 
 
Is there anything I need to do before the sessions? 
Before commencing the testing you will be asked to complete a Health Screening 
Questionnaire, and to give your written informed consent after explanation of all 
procedures. Please arrive at the lab well hydrated and avoid alcohol 24 h prior to 
each test. Also avoid sprays and moisturisers on the body areas used in the 
experiment where possible. Before the 2 experimental tests you will be asked to 
swallow an ingestible pill which allows a measurement of core temperature during the 
study. 
 
What type of clothing should I wear? 
Please bring a pair of sports shorts and suitable trainers to exercise in.  
 
What do I get for participating? 
You will be financially reimbursed (£10 per hour) for your time and expenses incurred 
during participation in this study. Furthermore, you will receive the results of your 
fitness test and body characteristics and will also receive an overview of the results 
once all data is collected. 
 
What will happen to the results of the study? 
Once all data is collected the results will be stored securely on a password protected 
computer. They will be analysed and presented in a thesis for the award of Doctor of 
Philosophy and may also be published in an academic journal. The results will allow 
a better understanding of the effects of ageing on sweating responses in a warm 
environment. 
 
I have some more questions; who should I contact? 
If you have any more questions please feel free to contact the primary researcher, 
Nicole Coull via email: n.coull@lboro.ac.uk  
 
What if I am not happy with how the research was conducted? 
If you are not happy with how the research was conducted, please contact Ms Jackie 
Green, the Secretary for the University’s Ethics Approvals (Human Participants) Sub-
Committee: 
 
Ms J Green, Research Office, Hazlerigg Building, Loughborough University, Epinal 
Way, Loughborough, LE11 3TU.  Tel: 01509 222423.  Email: J.A.Green@lboro.ac.uk 
 
The University also has a policy relating to Research Misconduct and Whistle 
Blowing which is available online at http://www.lboro.ac.uk/committees/ethics-
approvals-human-participants/additionalinformation/codesofpractice/ .   
 
 
288 
 
Appendix E – Relative Skin Temperature Maps 
 
Figure 1. PRE and POST group averaged relative body maps in the NEUT condition. Relative value is 
calculated by dividing the absolute maps by the group mean skin temperature. A value of 1 therefore 
corresponds to the group mean. 
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Figure 2. PRE and POST group averaged relative body maps in the HOT condition. Relative value is 
calculated by dividing the absolute maps by the group mean skin temperature. A value of 1 therefore 
corresponds to the group mean. 
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Figure 3. PRE and POST group averaged relative body maps in the COLD condition. Relative value is 
calculated by dividing the absolute maps by the group mean skin temperature. A value of 1 therefore 
corresponds to the group mean. 
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Figure 4. Identical group averaged body maps as shown in Figure 2 with a smaller scale range (0.9-1.1) 
to highlight more detail in the HOT condition. 
 
